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Sticklebacks in a jam jar. The threespine stickleback is particularly
amenable to both field and genetic studies of evolution. These freshwater
fish, from Site 6 on the River Tyne are being tagged, photographed,
measured, and fin-clipped before being released back into the River.




ABSTRACT

wa do new species form? Adaptation to divergent habitats is often accompanied
by divergence in form and can lead to reproductive isolation and speciation. Studies
of hybrid zones (where two divergent forms meet) can provide insight into the nature
of repreductive isolation and hence factors affecting speciation. In estuaries -
throughout the northern hemisphere resident-freshwater forms of the threespined
stickleback (Gasterosteus aculeatus) have undergone parallel divergence from their
marine ancestors. Sticklebacks are useful for studies of reproductive isolation and
speciation because divergent resident-freshwater and migratory anadromous forms
exist in sympatry in the lower reaches of rivers. A great deal is already known about
the evolutionary history of sticklebacks, however, little is known about reproductive
isolation in wild populations. [n this thesis, | set out to investigate the nature of
reproductive isolation in an anadromous-freshwater stickieback hybrid zone located
in the River Tyne, Scottand and to explore whether the same genes underlie
variation in the same traits in different populations. '

1. There was no evidence of morphotype-based assortative mating, in an
experimental pc‘)nd manipulation. Hybridisation between morphotypes
occurred readily and this s due in part i to the tendency of freshwater
females to mate with large males.

2. In contrast, there is some evidence of reproductive isolation existing in the
River Tyne wild population, and might be due to either ecologically
dependent assortative mating or early hybrid fry mortality. Premating
isolation cannot be strong, however, since hybrid juveniles represented 33-
39% of the sample from sympatric sites. There was no evidence of
directional bias in hybridisation.

3. Evidence suggests that morphological and genetic differences between
anadromous and freshwater stickiebacks in the River Tyne are being
maintained by postmating isolation in the wild. Genetic hybrids had reduced
pro’bability of overwinter survival. There is also strong evidence for selection
against intermediate morphotypes, and in the case of intermediate lateral
plates, this selection was sex-biased, being stronger against females.

4. Statistical associations between loci and traits were detected and suggest
both stability and flexibility in the underlying genetic control of morphological

divergence in stickiebacks.
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Chapter 1 introduction

| INTRODUCTION

Speciation is one of the most exciting and well-studied topics in the field of
evolutionary biology. Studying the nature of speciation {e.g. tempo and mode) is
important because it improves our understanding of biodiversity and influences
conservation issues. If we understand the factors, processes and mechanisms
affecting speciation we can utilise appropriate measures to preserve species and

their evolutionary potential.

Since Darwin's pioneering thesis on the role of natural selection in speciation (1859),
numerous studies have begun to reveal the underlying complexity of processes
involved. However, much remains unknown about these processes, primarily due
to the difficulty of studying something that occurs on a timescale longer than the
typical research grant. Rather than observing speciation as it happens, this process
must be inferred from studies of genetic and phenotypic divergence, and laboratory

manipulations.

Further complexity stems from the difficulty of defining a species. Defining species
is necessary for understanding evolution and forms an important part of
documenting biodiversity. As the fundamental units of biodiversity, recognition of
distinct species aids in impact assessment and planning. Species definitions are
also fundamental to scientific research since the comparison of information requires
exact knowledge of the species being studied. There are many different species
concepts in the Iitérature. From a taxonom‘ic realism perspective, where species are

regarded as true entities in nature and not simply pigeon-holes constructed by

humanity, all species definitions are variations on the general concept of species as
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evolutionary lineages (‘generalised lineage concept’ de Queiroz, 1997). The
evolutionary species concept defines species as “a lineage evolving separately from-
others and with its own umita.ry evolutionary role and tendencies” (Simpson, 1951}.
A similar concept to this is the phylogenetié species concept, which uses monophyly
as the defining species criterion (Eldredge and Cracraft.1980). Under this
hypothesis, a species is a monophyletic group composed of the smallest
diagnosable cluster of individual organisms within which there is a parental pattern
of anoe.stry and descent (Eldredge and Cracraft 1980). Phylogenetic species
concepts such as those mentioned above appear easy to apply, but can be limiting
because the distinctiveness of evolutionary lineages may collapse on secondary
contact. Since genetic differences between two groups of organisms cannot be
maintained unlless interbreeding is prevented (Dobzhansky 1951), the requirement
of reproductive isolatioﬁ makes the biological species concept (BSC, Mayr 1942)
popular with many evolutionary biologists.. Under the BSC, species are defined as
groups of actually, or potentially, interbreeding natural populations that_ are
reproductively isolated from other such groups. It should be noted that many other
species concepts exist, primarily because no one concépt is applicable to all cases.
Lack of conformity to any one species concept is a common phenomenon in plants.
For example, botanists are often faced with situations where largely divergent plant
species are able to hybridise and produce fertile progeny (Arnold '1 997). The
application of species cdncépts therefore requires flexibility and should be
perforrhed by keeping the biclogy, as well as the purpose of classification, in n;1ind
(Mallet 2005). ‘In this thesis, | am interested in factors maintaining or promoting
divergence between two coexisting forms, and therefo-re apply the BSC which is

‘based upon reproductive isolation.
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MODES OF SPECIATION

The initial stages of speciation involve divergence in genetics, morphology, ecology
or behaviour between two groups of individuals. There i.s strong evidence for
population divergence occurring in allopatry (between spatially separate groups) and
this mode of speciation is commonly invoked when a population’s range has been
split by a geogAraphic barrier (Ridley 1997). There is also evidence for divergence
oceurring in sympatn{ (between spatially coexisting groups) although, in some cases
sympatric speciation is difficult to distinguish from divergence in allopatry followed
by hybridisation on secondary contact (Seehausen 2004). Population diveréence
might also occur in parabatry, where a continuous population is exposed to selection
pressures along an environmental grédient. Since parapatric divergence results in a
cline in the natufal population it is difficult to distinguish this mode of speciation from

allopatric divergence followed by secondary contact.

Divergence between allopatric groups is thoUght to be promoted by genetic drift,
bottlenecks and founder effects (but empirical evidence for the latter two is rare,
Barton and Charlesworth 1984). In addition, different environmentally-based
selection pressures can also play a large role. In sympatric populations, the
existence of resource polymorphisms (Skulason and Smith 1995}, multiple
environment niches, and the absence of interspecific competition may promote
speciation. Inthese cases, divergence is thought to be promoted by intraspecific
competition driven character displacement, and trade—offs in fitness (e.g. limnetic
and benthic sticklebacks, Gasterosteus aculeatus, Bentzen and McPhail 1984,
Schluter 1993, and pumpkinseed sunfish, Lepomis gibbdsus, Robinson and Wilson

1996). Aside from natural selection, sexual selection may also play a role in -
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speciation and there is an> increasing amount of evidence to support this (see
Panhuis et af. 2061 ). Inthe absence of resource polymorphisms and species
depauperate environments, sexual selection may even be strong enough to drﬁve
sfmpatric speciation itself (e.Q. poésibly driving divergence in damselfish
Acanthochromis polyacanthus on the Great Barrier Re.ef, Australia, Kavanagh
2000). This is éupported by theoretical models (e.g. Laland 1994, Takimoto et al.
2000) but it is still a topic of considerable debate (Panhuis et al. 2001). More
commonly, it is likely that séxual selection acts in conjunction with natural sele:ction
to drive the divergence and the evolution of reproductive isolation (e.g. Wilson et al.

2000).

REPRODUCTIVE ISOLATION

Under the BSC, speciation is complete when two groups have evolved to be
reproductively isolated. Reproductive isolation may be in the form of premating or
postmating isolation. Premating isolation (or prezygotic isolation) exists when a
‘barrier’ prevents the fusion of gametes (e.g. assortaﬁve mate choice, or differences
in breeding times or locations). Alternative[y, two distinct forms of postmating
isolation (or postzygotic isolation) can occur. Firstly, hybridisation between species
occurs but the offspring may be inviable/infertile (e.g. due to genetic incompatibilities
— reduced fitness due to endogeﬁous factors). Secondly, hybridisation between
species may occur, and the offspring may be viable, but hybrids may be of
decreased fitness in alternative environments or nichés (reduced fitness due to
exogenous factors). The relative importance of premating and postmating isolation,
and the factors underlying the type of reproductive isolation is a major area of chus

in speciation studies and of this thesis.
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FISH SPECIES PAIRS

Many fish species exist as species pairs (genetically, morphologically, and
behaviourally distinct populations that are in sympatry for at least some part of their
lifecycle (Taylor 1999)). Some fish species pairs are thought to have evolved in
-sympatry. For example, cichlid ‘flocks’ or radiations ( Tilapia species) within smali
crater lakes in Cameroon are monophyletic (Schliewen et al. 2001) rather than
paraphyletic, indicating a single origih. Bernatchez et al. (1996) used the term
‘micro-allopatric speciation’ to describe reproductive isolation which had evolved
between whitefish (Coregonus species) as a result of the use of different foraging
microhabitats. Microhabitat variation is also thought to be associated with cichlid
radiations (Pseudotrophius callainos) in Lake Malawi {Rico and Turner 2002). In
contrast, an allopatric or parapatric mode of speciation is more relevant to
anadromous and freshwater ffsh species pairs evolving from marine ancestors
(Taylor 1999). There is substantial evidence for the role of natural se[ection in .
promoting the formation of species pairs (see Schiuter 1996 and Taylor 1999
reviews). Divergent selection is thought to have driven the formation of fish with
different trophic morphs (e.g. limnetic and benthic arctic charr, Salvelfinus alpinus,
Malmquist 1992) and life histoi'y traits (e.g. anadromous and freshwater sockeye
and kokanee salmon, Oncorhynchus nerka, Wood and Foote 1996). In addition,
recent studies of reproductive isolation and mate choice have found evidence
supporting the possible role of sexual seléctioﬁ in sticklebacks (G. aculeétus,
Vamosi and Schluter 1999‘, Bakker et al. 1999, Boughman 2001), cichlids
(Amphilophus citrinellum, Wilson et al. 2000), and salmonids (O. nerka, Craig and
Foote 2001, Salmo salar, Landry et al. 2001). Lack of interspecific competition is

also thought to be a key factor favouring the formation of species pairs (see
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Robinson and Wilson 1994) and this may explain the association of many species
pairs with recently deglaciated habitats {Bernatchez et al. 1996). Colonisation of
these species-poor habitats by fish from marine and/or freshwater refugia may have
resulted in resource or habitat specialisation within a species rather than between

species.

A migratory life history (diadromy) may play an important role in the adaptive
radiation of many freshwater fish. In the absence of strong natal homing, diadromy
promotes dispersal, a broad geographic range, and inhibits genetic divergence and
therefore speciation (McDowall 2001). Often diadromy is not obligatory and thus, in
contrast to the homogenising effects of dispersal on genetic structure of the
diadromous population, dispersal into new habitats by diadromous species which
then fail to migrate (facultative diadromy) has a diversity-generating effect between
resident freshwater populations. The adaptive radiation of many freshwater fish
speciés is thought to be due to the diadromous life history of the ancestral form (e.g.
New Zealand galaxiids, Galaxias species, McDowall 2001, sockeye salmon, O.
nerka, Foote et al. 1994 and sticklebacks, G. aculeatus, McPhail 1994, Taylor and
McPhail 1999, 2000). These anadromous (a form of diadromy involving migration
from marine habitats into freshwater habitats to reproduce) and freshwater species
pairs are thought to have evolvéd in the last 15,000 — 20,000 years. This relatively
recent origin has brought some to suggest that, in sympatry, they are in the final
stages of speciation (McKinnon and Rundle 2002, Taylor and McPhail 2000). For
this reason, many fish species pairs provide an ideal opportunity to study

adaptation, reproductive isolation, and speciation.
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WHY STUDY HYBRID ZONES?

Hybrid zones, areas of contact where matings between genetically distinct groups of
individuals occur, provide a useful setting for studies of speciation. The end result of
hybridisation is,qften viewed as collapse of species distinction or, _atternatively,
reproductive isolation and speciation. However, many hybrid zones appear to be
stable (e.g. fire-bellied toads, Bombina bombina and B. variagata, Szymura and -
Barton 1986, meadow grasshoppers, Chorthippus parallelus, Hewitt 1988). For the
two groups to remain distinct entities, gene flow must be countered by selection
againét hybrid and/or recombinant individuals. In the absence of selection,
hybridisation between two distinct species would eventﬁally lead to collapse of the
species distinction. By studying a hybrid zone, it is therefore possible to determine

factors maintaining species divergence.

There is evidence to suggest that different factors may maintain divergence between
two species in different locations. For example, endogenous selection {genetic
incompatibilities) against hybrids may play a role in maintaining species differences
in the hybrid zones of the fire-bellied toad located at Krakow and Przemysl! (Kruuk et
al. 1999). In contrast, in Bombina hybrid zones located at Pescenica and Apahida,
strong associations between habitat and genotype have been observed suggesting
that environmental]y-mediated selection may play a more important role in
maintaining species divergence (Vines et al. 2003). Exogenous selection based on
environmental conditions outside the hybrid zone was also -invoked to explain the
maintenance of differences between anadromous and freshwater sticklebacks, since

hybrids within the hybrid zone showed no sign of reduced fitness-(Hagen 1967).
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The position and shape of clines in traits and genes can also provide ciues as to the
type of selection maintaining divergence between species. Displacement in clines
might be expected under a bounded hybrid-superiority model (Moore 1977), where
hybrids are of superior fitness within the hybrid zone but show reduced fitness when
dispersing outside the hybrid zone. In these cases; clines Iwil! closely track
environmental gradients but may not coincide exactly. For example, displacement
in clines in morphology, male sterility, and cuticular hydrocarbons has been
observed in hybrid zones between subspecies of the méadow grasshopper (C.
parallelus, see Buckley et al. 2003), although, it should be noted that patchy
colonisation history might also exblain the observed cline displacement. Inference
about the strength of selection acting on a particular trait or allele can also be made
from analysis of clines. In hybrid zones maintained by a balance between selection
and dispersal, a neutral allele would be expected to introgress at a faster rate and
thus have a wider cline than one under strong selectioﬁ. Discordance in cline width
may only be observed when hybrids are subject to weak selection due to weak
linkage disequilibrium between unlinked markers. In the presence of strgng
selection acting on hybrids, linkage disequilibrium will have the effect of pulling
clines in traits and alleles together (Szymura and Barton 1986). Hybrid zones also
allow us to explore questions about the evolution of reproductive isolation, such as
whether postmating isolation drives reproductive character disp!acerhent {e.g.
strengthené mate discrimination) and leads to premating isolation (the theqry df '
reinforcement, Dobzhansky 1951). Empirical support for reinforcement is equivocal
(see Noor 1999 for a recent review). Females from a meadow grasshopper hybrid
zone (where hybrid males are sterile) do not produce offspring of greater fitness

when aliowed to choose mates than when forced to mate randomly (Ritchie et al.
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1992). In contrast, there is some evidence to support reinforcement as a possible
mechanism driving premating isolation. A study of mate choice in limnetic and
benthic sticklebacks (G. aculeatus) suggests that assortative mating is stronger in
sympatric morphs than allopatric morphs (Rundle and Schluter, 1998). The
continuum of trait distribution within a hybrid zone {(unimodal to bimodal) may
provide clues as to the importance of premating and postmating isolation (Jiggins

and Mallet 2000).

In addition to investigating premating and postmating isolation and the selective
forces acting against recombinant individuals, the high diversity of morphotypes and
the presenée of recombinant genotypes within a hybrid zone provide opportunities to
explore the genetic architecture underlying morphological divergence between
species, and thus the underlying genetics of adaptation (Rieseberg and Buerkle
2002). ldentifying quantitative trait loci (QTL) and the genetics underlying trait
variation is interesting not only because it enables us to understand how a particular
mutation causes variation in a particular trait, but also because it allows us to
invesﬁgate how genetic variation, and thus evolutionary potential, is maintained
(Barton and Keightley 2002). It is becoming increasingly apparent that single
mutations can explain' substantial quantitative trait differences between species, and
this is suggestive that species divergence can occur quickly and involve few
mutations of large effect rather than gradual divergence involving many mutations of
small effect. Evidence of rapid evolution on traits under heavy selective pressure
are illustrated by transplantation studies in guppies {Poecilia reticulata, Reznick et
al. 1997) and rapid loss of lateral plates in sticklebacks (Bell et al. 2004). In a

recently colonised Alaskan lake population, the frequency of complete lateral plate

10
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stickleback morphs declined by 89% over a period of 12 years (Bell et al. 2004). In
a study of a hybrid zone between sunflower species (Helianthus petiolarus and
Helianthus annuus), Reiseberg et al. (1999) were ablé to identify chromosomal
rearrangements which contributed to reduced hybrid viability and therefore
maintained isolation between the two species. Genetic incompatibilities also cause
sterility in hybr-ids of the meadow grasshopper (Virdee and Hewitt, 1992) and sister
Species of Drosophila (see Wu et al. 1996). In many cases Ahybrid sterility is found
only in the heterogametic sex, and suggests that epistasis between sex
chromosomes may play a special role in the evolution of reproductive isolation (e.g.

Haldane's Rule, Haldane 1922).

WHY STUDY STICKLEBACKS?

Of all the fish species pairs, tﬁreespined sticklebécks are particularly amenable to
speciation studies because of their wide distribution, enormous diversity, and the
ease of maintenance in laboratory conditions (Braithwaite and Odling-Smee, 1999).
Furthermore, a vast amount is already known about the evolutionary history of
stickleback species pairs and this has been aided in part by the enormous efforts
put in to understanding the stickleback genome (e.g. Peichel et al. 2001, Colosimo
et al. 2004, Cresko et al. 2004,' Shapiro et al. 2004). Sticklebacks are euryhaline
fish occupying remarkably diverse habitats ranging from open marine envirdnments,
to brackish waters, rivers, ponds, and drainage ditches throughout their holarctic
distribution. Since the last glacial maximum in the Pleistocene (approximately

18, 000 'years ago) sticklebacks have undergone an adaptive radiation associated
with the colonisation of freshwatér habitats. Genetic analyses suggest that

freshwater sticklebacks have arisen independently and repeatedly (parallel

11
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evolution) from marine populations (Withler and McPhail 1985, Taylor and McPhail
1999, 2000). Adaptation to these environments has resulted in an extrao;din'ary
diversity of forms. Considerable variation in body size, shape, ornamentation
(plates, spines, girdles etc), sexual colouration, life history strategy (e.g. nesting
environment), and behaviour has been observed across the northern hemisphere.
Most of this diversity is seen between freshwater populations whilst marine
sticklebacks have remained relatively unchanged (at least in shape and size) from
their fossilised ancestors (Walker and Bell 2000). This is most easily explained by
the relative stability and uniformity of the marine environment compared to the

diversity and instability of freshwater ecosystems over geological time.

In several places throughout their distribution, stickleback species pairs can be‘
found including lacustrine (benthic and limnetic morphs), estuarine (anadromous
and freshwater morphs) and fluvial (river and lake morphs) pairs (McKinnon and
Rundle 2001). All of these species pairs display divergence in morphology and in
some cases life history strategies and behaviour. Although reproductive isolation
has evolved in some threespine stickleback species pairs, at present taxonomically
all threespine sticklebacks share the same latin binomial: Gasterosteus aculeatus.
Studies of threespine stickleback species pairs have contributed a vast amount of
knowledge to what processes may be influencing speciation. Benthic-limnetic and
anadromous',-freshwate'r stickleback species pairs have been particularly well

studied and 1 discuss these further below.

12
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BENTHIC — LIMNETIC STICKLEBACK PAIRS

The sympatric, lake dwelling ‘benthic’ and ‘limnetic’ stickleback morphs are the most
well studied of the species pairs. The ‘benthic’ morph feeds largely on
ma;:robenthos in the littoral zone while the ‘limnetic’ morph specialises in planktivory
in deeper water (McPhail 1984). Morpholoéically, benthic morphs have a deeper,
more robust body shape, fewer shorter gill rakers, and shorter jaw and snout length
than limnetic morphs (McPhail 1984, 1992, 1993). Due to their feeding
specialisations the morphs are segregated spatially within the lake except during the
breeding season when limnetic morphs enter the littoral habitat to breed. There is
some evidence to suggest that the limnetic and benthic morphs; pretfer different
littoral zone microhabitats during the breeding season (Vamosi and Schiuter 1999,
Taylér and McPhail 1999). Despite occupying benthic and limnetic niches, not all
sticklebéck species pairs' are identical in extent or pattern of divergence (McPhail
1992). This suggests that local selection regimes or founding populations are

different between lakes.

Evidence for distinct gene pools between benthic-limnetic species pairs exists.
éigniﬁcant difference in allozyme frequencies between the two morphs were found
in two lakes (Enos and Paxton, McPhail 1984, 1992). These findings were later
supported by analysis of mtDNA haplotype frequencies in Enos, Priest, Emily but
not Paxton Lake (Taylor and McPhail 1999). Recent microsatellite analyses (Taylor
and McPhail 2000) found significant differentiation betWéen the morphs (Fsr) in all of

the above four named lakes.
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Assortative mating experiments conducted on Enos lake morphs established that
benthic and limnetic fish prefer to mate with their c;wn kind {Ridgway and McPhail .
1984). This provides evidence that reproductive isolation may exist as a result of
premating barriers. In the wild this choice may be facilitated by microhabitat
preference, and evidence also suggests that morphology (size Kraak and Bakker
1998, and colouration, Milinski and Bakker 1990) and courtship behaviour {(McPhail

1994) influence mate choice.

Hybridisation between benthic and limnetic species pairs is thought to be rare.
McPhail (1994) estimates that approximately 1% of adults in both Paxton and Enos
lakes are hybrids. The low frequency of mature hybrids can be explained by
selection against hybrids in the wild. Although F1, F2 hybrids and backcrosses
between the two forms show no evidence of developmental or sterility barriers, there
is some evidence of reduced foraging success and growth rate of hybrids in the wild
(Hatfield and Schluter 1996, 1999, Vamosi and Schluter 1999). In addition, Vamosi
and Schiuter (1999) found significantly reduced mating success in F1 hybrid males
compared to limnetic morphs in semi-npatural conditions. |t is not yet clear if reduced
hybrid fitness is driven purely by ecological selection or if gehetic inferiority plays a
part (Rundle a.nd Whitlock 2001). Interestingly, Kraak et al. (2001) reported an
increase in the rate of hybridisation in the Enos Lake species pair. The cause of this
increase is cuArrentIy unknown but may poséibly be associated with changes in

environmental conditions. P

Benthic-limnetic stickleback species pairs were initially thought to be restricted to six

lakes on islands in the Strait of Georgia, British Columbia, cases have since been
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found in Alaska (Cresko and Baker 1996), Iceland and Norway (Olafsdottir Pers
Comm., Arnott Pers Comm.) bringing the total to niné. More than 30 lakes of
varying size and altitude in the Strait of Georgia, British Columbia contain single
‘generalist’ species of sticklebacks. Despite the thousands of apparently suitable
lakes with seemingly similar ecological conditions througho‘ut their holarctic
distribution, the number of sympatric populations of benthic and limnetic
sticklebacks is limited. Why species pairs have formed in some areas and not

others is one of the most interesting questions of stickleback evolution.

Two possible models of speciation can explain the evolution of benthic-limnetic
species péirs.
1. Sympatric Speciation
2. Allopatric Speciation: ‘Double Invasion Hypothesis, McPhail 1992’ — Initial
- colonisation of freshwater lakes by marine fish, followed by -a peri‘od of
isolation and divergence, and then a second invasion by the same species
where divergence was completed in sympatry. |
Molecular analyses testing these possible models are not conclusive. If speciation
occurred in sympatry multiple times theﬁ- the species pairs in each lake should share
the most recent common ancestor. Alternatively if sympatric speciation occurred
only once and subsequent colonisation of other lakes followed, then all benthic
morphs should form‘ a separate clade from limnetic morphs. These clades should
be monophyletic while rharine populations form outgroups. If allopatric speciation
occurredr following the ‘double invasion hypothesis’ it would be expected that

limnetic and benthic morphs would be paraphyletic with marine populations.
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Lack of reciprocal monophyly between benthics and limnetics across lakes suggests
that limnetic and benthic species pairs have evolved independently at !eaét 3 times
(parallel evolution) rather than from one single divergence (Taylor and McPhail
2000). Intwo of the four Canadian Iakés examined, limnetic and benthic morphs
share recent Common ancestry as predicted under a sympatric speciation model but
morphs from the other two lakes are paraphyletic with marine populations. These
results are difficult to interpret as recent common ancestry may also be explained by
secondary invasion followed by introgression. Lineage sorting, the fixation of
difference gene lineages from a common ancestral source provides further
complexity to the interpretation of the tree topology. Additionally, the maximum
likelihood phylogeny on which this analysis is based has low bootstrap support at

many nodes.

Pairwise genetic distances calculated from microsatellite data indicate that limnetics
from all four lakes were less divergent from pooled marine stickleback populations
than benthic morphs (Taylor and McPhail 2000). This is consistent with the
allopatric ‘double invasion hypothesis’ where the ‘limnetics’ were part of the second
wave of colonisation. From these results, Taylor and McPhail (2000) support the -
double invasion hypothesis and suggest tha;t the evolution of stickleback species
pairs is not only contingent upon ecological selection as suggested by Schiuter
(19986), but also upon geological hiétory (i.e. the ability of marine fish to invade

freshwater lakes due to changes in sea level caused by glaciation).
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ANADROMOUS AND FRESHWATER STICKLEBACKS

Anadromous and freshwater sticklebacks form a species pair noticeable by their
divergent morphological and life history traits. Sticklebacks display three general
lifestyles (purely marine, anadromous, and purely freshwater). Owing to their
morphological similarity, the distinction between marine and anadromous
sticklebacks is unclear. McPhail (1994) considers these forms to be part of the
same breeding population, justifying his argument by their ability to reproduce in a
variety of conditions. However, Baker (1994) argues that marine and anadromous
fish are from distinct populations with selection pressures unique to each lifestyle
(perhaps rightly so given the vast ecological divergence between estuarine and
rocky shore habitats). The nature of the relationship between marine and
anadromous forms is important because it has direct bearing on the evolution of
anadromous and freshWater species pairs. This is one of the questions | address in

my thesis.

At the start of the breeding season (typically May) anad.romous sticklebacks migrate
from the ocean into estuaries where they breed in sympatry with stream resident
freshwater sticklebacks. Anadromous and freshwater sticklebacks differ in several
morphological traits. Typically, anadromous fish are large, silver in colouration,
have lateral plates, a tail keel, long, crenated dorsal and pelvic spines and
numerous long, slim, gill rakers. In contrast, freshwater fish are smaller, have
green-brown dorsal colouration, completely lack or possess only a low number of
lateral plates, lack a tail keel, have shorter dorsal and pelvic spines, and fewer
shorter gill rakers (Figure 1.1). Whilst these differences (especial.ly plate

morphology) are quite obvious, designation of fish to either the anadromous or
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freshwater class based on these morphological traits must be performed with
extreme caution (Hagen and Moodie 1982, Baumgartner 1995). Fish of varying
degrees of intermediate phelnotypes (likely to be hybrids and backcrosses) are
sometimes found within the sarﬁe habitat. If hybridisation is occurrind,
morphological classification may be unreliable as phenotype may not reflect the
level of introgression in the genotype (e.9. Goodman et al. 1999). Despite the flaws
in the morphological approach, most studies of sympatric anadromous-freshwater
sticklebacks have used morphology as an indicator of life history status due to the
difficultly of identifying an anadromous individual based on it's transieﬁt presence in
the stream. The use of genetic markers to identify ancestry provides an alternative
and more accurate approach, and studies of anadromous and freshwater
sticklebacks utilising this method are sorely needed. Apart from obvious
morp.hological and life history differences mentioned above, anadromous and
freshwater 'sticklebacks also differ in behaviour (e.g. Mackney and Hughes 1995),
physiology (Guderley 1995), and ecology (McPhait 1995). Withler and McPhail
(1985) detected significant differences in allozyme frequencies between alldpatriq

anadromous and freshwater populations sampled from British Columbia and

~ similarly, Taylor and McPhail (2000) found significant differences in allele frequency

at six microsatellite loci between allopatric marine and lake populations. McKinnon
et al. (2004) showed that anadromous and freshwater morphs sampled
sympatrically or from close allopatric populations were more genetically similar to
each other than they were to their respective morphotypes sampled from other
populations. Noticeably, in an analysis of sympatric anadromous and freshwater
morphs in Lake Harutori, J-apan, Higuchi and Goto (1996) did not detect significant

differences in allele frequencies at 17 allozyme loci.
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Anadromous stickleback
(a) i : : Crenulated spines

Freshwater stickleback Fl e clotmdsions

Reduced lateral plate armour

QOlive-green colouration

Smaller body size

(d)

Figure 1.1. Photographs and line drawings of anadromous (a and c) and freshwater (b and d) female sticklebacks from the River Tyne, Scotland. Grid
squares in photographs are 5mm. A red visible elastomer tag used for mark-recapture study can be seen under the pelvic girdle in (b). The pelvic

girdle, lateral plates, spines and keel are coloured red in line drawings.
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A substantial amount is known about the nature of divergence between anadromous
and. freshwater sticklebacks. The role of premating isolation in maintaining
divergence in this species pair appears to differ throughoUt their distribution and this
may indicate differing stages of speciation. However, this is difficult to conclude
because of the differing sampling and experimental approaches used to determine
assortative mate choice (e.g. compare Ziuganov 1995, Hay and McPhail 1975,
McKinnon et al. 2004). In anadromous and freshwat'e.r morphs from the Little
Campbell River, Canada, there is also evidence that differences in the timing of the
breeding season as well as laboratory and observational field evidence of
differences in microhabitat nesting prefefences may contribute to premati‘ng isolation
(Hagen 1967). Hybrid zones between anadromous and freshwater sticklebacks
occur in lower reaches of rivers throughout their distribution (e.g. Hagen 1967, Hay
and _McPhaiI 2000) and appear to be relatively stable (Hay and McPhail 2000).
Since premating isolation is not complete, this suggests that the fusing effects of
hybridisation are balan;:ed by either endogenous or exogenous selection against
hybrids. There is little evidence of hybrid inferiority in laboratory conditions; hybrids
are viable (Hagen 1967) and interfertile (McPhail 1994) thus it has been inferred that
exogenous selection must pléy an important role (Hagen 1967, Moore 1977) in
maintaining divergence. As yet, émpirical evidence of selection against

anadromous and freshwater hybrids does not exist.

A series of landmark studies have further highlighted the utility of sticklebacks for
studies of the genetics of evolution (Peichel et al. 2000, Colosimo ef al. 2004,
Cresko et al. 2004, Shapiro et al. 2004). These studies have addressed three major

guestions concerning genetic architecture underlying morphological divergence.
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Firstly, linkage mapping identified that much of the phenotypic diversity between
limnetic and benthic and between anadromous and freshwater threespine
sticklebacks could be explained by few QTL of large effect rather than many QTL of
small effect (Piechel et al. 2001, Colosimo et al. 2004, Shapiro et al. 2004).
Secondly, Shapiro ef al. (2004) were able to identify the type of mutation that
resulted in variation in pelvic morphology. By targeting genes homologous to pelvic
reduction in mice, they determined that variation was not caused by substitutions in
the coding region but rather by differential expression of the Pitx 1 gene. Thirdly,
simultaneous but independent studies by Cresko et al. (2004) and Colosimo et al.
(2004) found that the same QTL. of major effect underlie variation in the same traits
in different stickleback populations. The existence of an EST and BAC library and
the mapping of the stickleback genome will further improve the utility of the

threespine stickleback for studies of speciation and evolution.

ANADROMOUS-FRESHWATER STICKLEBACK HYBRID ZONES

To date, the only study of reproductive isolation in ar natural hybrid zone between
anadromous and freshwater sticklebacks was carried out by Hagen (1967) in the
Little Campbell River, Canada. He found evidence of differences in timing of
breeding season and, in laboratory experiments performed on individuals collected
hybrid zone, evidence of differences in microhabitat nesting preference but an
absence of premating (behavioural) isolation. Ffom his field studies, Hagen inferred
that exogencus selection was acting against hybrids but was unable find evidence to
support this in the wild population. His study may have lacked the power necessary
to detect selection against hybrids due to the fimited number of genetic markers

available to infer ancestry. At present, empirical evidence of assortative mating
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(premating isolation) and exogenous selection against hybrids (postmating isolation)
in anadromous-freshwater species pairs in sifu does not exist. However, recent
improvements in the range of genetic tools available to researchers enables us to
investigate these questions and this approach and line of questioning forms the

basis of my thesis.

Like their North American counterparts, there is remarkable morphélogical diversity
in Scottish stickleback populations (Campbell 1985, Giles 1983). Further, the
geological history of Scotland in terms of the timing and cover of the last glacial
maximum is similar to that of North America (BcIJuiton et al. 1985). Aside from
Hagen’s (1967) study, detailed studies of anadromous-freshwater stickleback hybrid
zones are completely lacking and the similarities between Scottish and North
American sticklebacks provides a useful opportunity to investigate the generality of
| Hagen’s inferences about reproductive isolation between anadromoﬁs-freshwater

species pairs.
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AIMS OF THESIS

Hégen's (1967) study of a hybrid zone in the Little Campbell River, Canada provided
a wealth of information regarding the nature of reproductive isolation between
anadromous and freshwater sticklebacks. However several key questions remain
unanswered including whether assortative mating occurs in the wild.and evidence
-for selection acting against hybrids. In this thesis, | set out to investigate the nature
of both premating and postmating isolation in an anadromous-freshwater stickleback
hybrid zone located in the River Tyne, Scotland, taking advantage of both theoretical

developments in hybrid zone analyses and developments in genetic techniques.

In chapters 2 and 3, | explore evidence for premating isclation between anadromous
and freshwater sticklebacks. In chapter 2, | specifically investigate the strength of
assortative mating between sympatric morphotypes in controlled semi-natural
conditions. This experimental design was conceived to improve upon previous
laboratory-based studies of assortative mating by using 1) sympatric rather than
allopatric populations, 2) allowing multiple matings rather than binomial choice, 3)
allowing matings to occur rather than using behavioural indicators of mate choice,
and, finally, 4) using genetics to assign parents to offspring and identify each mating
post-hoe. In chapter 3, | investigate evidence for premating isolation between wild
anadromous and freshwater sticklebacks using genetic analysis of samples -

collected from the field over time.

In chapter 4, I investigate the structure of the hybrid zone and the nature of selection

acting on individuals by analyéing clines in morphology, and allele frequencies. In
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addition, | investigate hybrid fitness by resolving whether recombinant morp_hot_ypes

and genotypes show reduced fitness at three different stages of ontogeny.

In chapter 5, | set out to determine whether QTL associated with traits in a Canadian
stickleback population are associated with the same traits in Scottish stickleback
populaiions. Using hybrid individuals as well as anadromous and freshwater
individuals from the source pop‘)ulations, | investigate whether alleles at cand.idate

loci explain both within and between species trait variation.

The chapters within this thesis are written in the style of separate 'papers which are
intended for submission for publication. When viewed in context with the existing
literature, it is hoped that these studies will provide a broader view of the nature of

stickleback evolution throughout their distribution.
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ABSTRACT

In many sites throughout their distribution, anadromous and freshwater threespine
stickleback (Gasterosteus aculeatus) morphs breed sympatrically, but the degree of
reproductive isolation between the morphs appears to vary. Evidence suggests that
premating isolation based on ecologically divergent traits (primafily size) is important
in maintaining differences between the morphs. However, previous studies that
have tested for assortative mating have typically used behavioural indicators éf mate
choice, which can be unreliable, rather than recording actual méting events.

Further, earlier work investigating preferences in mate choice, collected morphs
from two allopatric sites, rather than single syrﬁpatric sites or contact zones. This
makes it difficult to draw reliable conclusions about the degree of assortative mating
that may occur in sympatry. Here, we present a test for assortative mating based on
morphotype and size, using anadromous and freshwater morphs collected from the
same site in the River Tyne, Scotland. This experiment was c;arried out in
controlled, semi-natural, éonditions and mate choice was determined using genetic
markers to assign parents to offspring post hoc. We found evidence for weak
assortative mating based on morphotype by anadromous females, but not by
freshwater females. in addition, freshwater females showed a preference to mate
with large males, but, anadromous females’ preference to mate with large males
was negatively correlated with female body size. These results suggest that
hybridisation between the two morphs is likely to occur readily in the River Tyne and
that premating isolation does not play a large role in maintaining differences
between anadromous and freshwater morphs. From these results w.e hypothesise

that /in situ hybridisation is likely to be biased towards matings between freshwater
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females and anadromous males and that divergence between the two morphotypes

is being maintained by ecologically dependent selection against hybrids.

INTRODUCTION

The threespine stickleback (Gasterosteus aculeatus) has undergone an adaptive
radiation resulting in the parallel divergence of anadromous and freshwater morphs.
These morphs vary in numerous traits including life history, morphology, behaviour,
and genetic composition (McPhail 1994). Obvious divergent traits include body size
and lateral plate number with anadromous morphs being Iargér and possessing
_ qomplete sets of lateral plates compared to the smaller, low plated freshwater
morphs (McPhail 1994). Genetic evidence suggests that freshwater morphs have
arisen from the repeated and independent invasion of freshwater habitats by
ancestral marine sticklebacks {McPhail 1994, McKinnon et al. 2004). At present, in
many sites throughout their holarctic distfibution, anadrorﬁous and freshwater
morphs breed in sympatry, but the degree of reproductive isolation appears to vary
{(Ziuganov 1995, Hagen 1967). For example, Zuiganov (1995) collected high and
low plated morbhs from a single site in Lake Azabachije, Russia, and found
complete premating isolation in a binomial choice experiment (although the sample
sizes were small, N=6). In contrast, Hagen estimated hybrids to represent 46% of
individuals sampled in the Little Campbell River, Clampbell. Of particular interest to
evolutionary biologists are the relative roles of premating or postmating isolation in

maintaining differences between the two morphs.
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There is little evidence for genetic incompatibilities between the two morphs.
Laboratory crosses of plate morphs showed that F1 hybrids and backcrosses are
viable, have equivalent mortality rates to crosses within morphotype (Hagen 1967),
and are interfertile (McPhail 1994). Iﬁtermediate morphotypes are observed at low
frequency in many sites (McPhail 1994, F. Jones Pers. Obs.). If postmating
isolation exists, it is likely to be ecologically dependent {hybrid fitness is dependent

upon ecological conditions in the wild), but at present evidence for this is indirect.

In contrast, several studies have investigated the role of premating isolation
between anadromous and freshwater sticklebacks. Temporal differences in
breeding season exist (Hagen 1967, McPhail 1994), but even in such populations
the breeding seasons still overlap. Under laboratory conditions, different plate
morphs from the Little Campbell River, Canada, vary in their microhabitat preference

for nesting sites (Hagen 1967) and this is likely to contribute to premating isolation.

Sexual selection in the form of assortative mating (preference for mating with.own
type) is also likely to play a role in premating isolation, and many studies have
investigated this possibility (Hagen 1967, Hay and McPhail 1975, McPhail and Hay
1983, Zuiganov 1995, Ishikawa and Mori 2000, Scott 2004, McKinnon et a/. 2004),
although experimental approaches have varied. Mating in sticklebacks is based
primarily on female choice (McPhail 1994), although male choice may also occur
(Rowland 2004). The presence of sexual dimo;phism is indicative of sexual
selection, and male sticklebacks display costly secondary sexual traits (Bakker and
Milinski 1993, Hill 1999). Choosiness in females is rewarded by fitness benefits
such as superior paternal care (McKinnon 1996), and good genes {e.g. Barber et al.

2001). Female sticklebacks show a preference for a number of different male traits
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such as red colouration (McLennan and McPhail 1990, Milinski and Bakker 1990,
Bakker and Milinski 1991, McKinnon 1995}, blue eye colour (Bakker and Rowland
1995), optimal MHC alleles (Reusch et al. 2002) and larger body size (Rowland
1989). However, males may also be choosy and will court larger females when |

given a choice (Kraak and Bakker 1998).

Evidence suggests that assortative mate choicé is based on ecologically divergent
traits and is important in maintaining differences between the morphs (McKinnon et
al. 2004). Nagel and Schluter (1998} found that body size plays a role in assortative
mating because hybridisation between limnetic and benthic sticklebacks collected
from different sites occurred only between the larger individuals of the smaller
species and smaller individuals of the larger species. In a landmark study,
McKinnon and colleagues (2004) were able to uncouple body size from other
morphological traits by manipulating rearing conditions in the laboratory. They
found that mating ‘incompatibilities’ between pairs of anadromous and freshwater
sticklebacks were largely explained by differences in body size although preference
for own morphotype still remained significant. These studies suggest that the
difference in body size between anadromous and freshwater morphs in a sympatric

population may affect the degree of assortative mating.

Previous studies of assortative mating between anadromous and freshwater
sticklebacks have several weaknesses. Most studies used morphs collected from
allopatric rather than sympatric populations (e.g. Mr_:Phail and Hay 1983, McKinnon
et al. 2004, Scott 2004, Ishikawa and Mori 2000). By sampling either sidé of the
contact zone, this approach avoids the problem of misidentification of morphotypes

in a hybrid zone. However, it also introduces additional complidations. Assortative
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mating between fire-bellied toads was stronger outside than within the hybrid zone
(Szymura and Barton 1986) and significant assortment between populations of the
same subspecies have been found in grasshoppers (Chorthippus paralfelus, Butlin
1998). Itis bossib!e that a similar effect occurs in sticklebacks. Females from each

particular habitat have had no prior experience with the alternative morph or its

‘habitat and prior experience is likely to have profound implications for mate choice

(Breden et al. 1995, Magurran and Ramnarine 2004). In addition, differences in |
ecological variables such as water quality, microhabitat, food availability, and
predation pressure could all substantially influence both female perception and male
courtship (e.g. Houde and Endler 1990, Ward et al. 2004). Further, if reinforcement
of mate preferences occurs, then assortative mating in sympatric populations may
actually be stronger than assortative mating between allopatric populatioris.
Reinforcement is a theory put forward to explain the observation of stronger mating
discrimination between species living in sympatry than s.pecies living in allopatry
{Dobzhansky 1951). This strengthening of mate discrimination is thought to have
evolved in response to maladaptive hybridisation. If selection against hybrids in an
anadromous freshwater stickleback hybrid zone occurs, then reinforcement of
assortative mating might occur, however at present, evidence for reinforcement
driving premating isolation is currently lacking. Thus, tests for assortative mating
using allopatric populations of sticklebacks may not reflect mate choice in a contact

zZ0one,

Other drawbacks of some experiments include dichotomous choice designs (e.g.
Hagen 1967, Hay and McPhail 1975, Zuiganov 1995, McKinnon 2004), where a
female’s preference is judged on her behaviour in front of two males. Results from

these experiments may not reflect the true mating behaviour in sympatric sites
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where many males are available at any given time. Finally, some experiments used
behavioural indicators of mate choice such as female ‘head up’ posture (Hagen
1967 or nest inspection (McKinnon 2004). Again, these estimates may not be
reliable indicators of mate choice. Conducting a study of assortative mating in a
natural population, however, would also be difficult because the identity of the
individuals present cannot be controlléd. Ideally, in order to study premating
isolation between divergent morphs researchers should utilise individuals collected
from a site where they exist in sympatry, use successful mating events as a mate

choice indicator, and allow females the choice of more than two males.

Here, we present a test for assortative mating using anadromous and freshwater

- sticklebacks collected from the same site in the River Tyne, Scotland. In this river,
anadromous and freshwater sticklebacks differ considerably in a number of
morphological traits and their breeding seasons overlap er more than three months
(Chapter 3). Our primary aim was determine if hybridisation or assortative mating

* occur when anadromous and freshwater sticklebacks from the River Tyne breed in -
sympatry. We set out to address three specific questions: firstly, whether
assortative mating occurs based on morphotype, secondly, whether the strength of
assortative mating differs between morphotypes and finally, whether mate choice is

influenced by standard length.
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' MATERIALS AND METHODS

SAMPLE COLLECTION AND EXPERIMENTAL DESIGN

In May 2002, adult sticklebacks were captured using wire mesh minnow traps from a
20m freshwater stretch of the River Tyne, East Lothian, Scotland (55°59.5'N
2737.8'W). Based on morphological knowledge of upstream freshWater populations
and downstream rockpoo! populations, fish were sorted using morphological criteria
into (i) olive-green, small, low plated, keel absent ‘freshwater’ morphs, (ii) silver, high
plated, large, keel present ‘anadromous’ morphs or {iii) ‘hybrid’ morphs with mixed
combinations of these tr-aits. Hybrid morphs were returned to the river at the site of
capture. Under this classification, using Reimchen’s (2000) description of lateral
plate positions, low plated morphs possessed anterior lateral plates and sometimes
a single posterior plate; high plated morphs possessed both anterior plates and a
complete set of posterior lateral plates, and hybrid morphs possessed anterior
plates and an incomplete set of posterior plates. Sixty-five of each of the freshwater
and anadromous fish were transported to the University of Edinburgh and housed in
the laboratory at 16 °C-under a 12 hour light-dark regime. Ten or fewer fish of the
same morphotype were housed per 40 litre tank, and fed on mixed diet of live

daphnia (Daphnia magna) and frozen bloodworm (Chironomid larvae) twice daily.

After three weeks, 16 individuals of each sex and morphotype (64 fish total) were
photographed against a 5mm grid and fin clipped for the purposes of' individual
identification using genetic markers. Standard length was measured from analysis
of digital photographs. To ensure correct sex identification, these fish were chosen
on the basis of their secondary sexual characteristics (gravidity of females, redness

of chin and blue eye colouration of males). Individuals were then placed into one of
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four artificial outdoor ponds with each pond containing four males and four females

of both ‘anadromous’ and ‘freshwater’ morphotypes (16 fish total).

The artificial ponds were located at the University of Edinburgh and were
constructed by subdividing an existing concrete-lined bond (10m long x 4m wide,
previously used as an aquatic botanic garden and devoid of fish) into four separate
ponds (3m fong x 2m wide x 1m deep) using porous horticultural ground sheeting
suspended from scaffolding. A gravel and sand substrate and two species of
aquatic plant (Broad leaved pond weed, Potamogeton spp. and Horned pond weed,
~ Zannichellia spp) were provided. In addition, the diet of fish in these ponds was
supplemented with bloodworm on a weekly basis. One month after the adults were
released into the ponds, 100 fry (less than 10mm size) from each pond were
sampled at random using dipnets and killed using a UK Home Office Schedule 1
m'éthod. We estimated that 100 fry would be a sufficient sample size to detect
mating events in each pond, since the 64 possible mate combinations were unlikely

to occur in a period of one month.

GENOTYPING

DNA was extracted from finclips of adults and fry using a chelex extraction protocol
(Walsh et al. 1991) with 0.2mg/mL proteinase K. Fish were genotyped at eight
microsatellite loci {Table 2.1) using 10uL volume polymerase chain reactions
containing TmM dNTP’s, 0.4uM of each primer, 0.4 units of BioLine tag polymerase,
1 x BioLine Buffer, 2.0uL of DNA and varying MgCl, concentrations (Table 2.1).
Amplification cycles consisted of 2 min denaturation at 94 2C, followed by 25 cycles
of 30 sec at annealling temperature (Table 2.1), 1 min at 72 °C and 45 sec at 90 °C,

and finished with 4 min extension at 72 ¢C. PCR products were run with internal -
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size standard (GS500-Liz) on an ABI 3730 capillary sequencer. Resulting

electropherogram data was then analysed using Genemapper software v3.0.

PARENTAGEl ASSIGNMENT

We used the maximum likelihood algorithm of the PAPA software (Duschesne ot al.
2002) for parentage assignment. Initially, we tested the power of our eight markers
to correctly allocate offspring to parents by performing test simulations. Simulations
involved a two step procedure. Firstly, 32 male and 32 female real parental
genotypes were used to generate 400 pseudo-offspring genotypes. Then, pseudo-
offspring were allocated to parents using the likelihood method. These two steps
were iterated 5000 times. To obtain a conservative estimate of allocation success, it
was assumed that all parental individuals were able to mate with each other (i.e.
placed in a single pond}. A transmission error of 0.02, with even distribution across
all alleles, was factored into the simulations at both the production of pseudo-
offspring step and the allocation of pseudo-offspring to parents step. The mean
proportion of offspring assigned to the correct parents was 0.996 (+ 0.003 SD}
indicating a very high allocation success with the eight markers genotyped.
Genotypes of the 100 fry and 16 potential parents from each pond were then used
to allocate each offspring a male and female parent from that pond. We used these
allocations as indicators of mating events between parental individuals and
examined the mating combinations for evidence of morphotype- or size-based

assortative mating.
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Table 2.1. Details of loci used. Reference 1 = Peichel et al. 2000, 2 = Largiader
et al. 1998, 3 = Taylor 1998. * Fluorescent label, ®* Annealing temperature (°C) and
MgCl. concentration (mM} in parentheses. Allele range is given in basepairs.

Locus Primer Sequence { '*5'-3') Product Size (bp) PCR Conditions® Reference

Microsatellite Loci

STN26 F * GTATCGAAGTCTGAAGGCCG 106 - 124 60 (0.5} 1
R GTACAGCATGTGGTCGATGG
STN96 F * ACACCTTCGGCTCCATATCC 218 - 278 58 (3.0} 1
R CGCAGCTCTCTGCTTTGC
STN130  F *TTCGGCTTATTTTCTTACCTGC 116-154 . 59 (0.5} : 1
R ATGTTGTAGGCGAGGACAGGATG
Gac 3133 F *CGCCCAGTTCCTGAACTTAG 127 - 191 56 (2.0} 2
R CATGGTGGGCTGACTGAC
Gac 4170 F *GCCGAGCCACATAGAGA _ 102 - 150 85 (0.5} 2
R CCAATATAACAGCCGAGCAG
Gac 1097 F "AGGAACTCTCTTCTTCTCTG 90 - 144 55 (1.5) 2
R CCCGGGTTAGTCACT
Gac 1126 F *CATCACACCCAGCCTCTC 149 - 223 57 {2.0) .2
R CCTCCCTCCAACTCTTATCA
Gac u7 F * CAAAAGCAACAATCGACAAG 91-135 56 (2.0) 3
R CAATAACTGGAAGAGTGG
STATISTICAL ANALYSES

Initially, we performed an ANOVA to test for significant differences in standard
length between parental morphotypes placed in each of the ponds. This was done
using standard length as a dependent variable, and pond, morphotype and sex as

independent factors.

Then, using the parental assignments, we investigated female mating behaviour in
several different ways. Firstly, for each female adult we calculated two variables: (i)
the number of different fry sampled, and (ii) the number of different matinlg partners
detected, We tested for differencés in these variables between female morphotypes

using t-tests.
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Within each pool and overall, we then tested for evidence of morphotype-based
assortative mating. We performed this analysis twice using different variables.
Firstly, from the parental allocations, we calculated the number of distinct ‘mating
events’ {defined as unique combinations of female and male parents). Multiple fry
allocated the same parents were assumed to have resulted from a single mating
event. Mating events were then classified into one of the four possible parental
morphotybe combinations: anadromous mother—anadromous father, anadromous
mother—freshwater father, freshwater mother—anadromous father, and freshwater
mother—anadromous father. In each of the ponds, and pooling mating events
across ponds, we tested whether the number of mating events involving male
morphotypes was independent of female morphotype, using a G-test for
independence with Williams’s correction to reduce type | error (Sokal and
Rohlf,1995). Then, we repeated the analysis using the total number of fry sampled
from each of the parental morphotype combinations. Prior to this analysis, data ‘
were log transformed (0.001 was added to every cell, to avoid problems associated

with logging zero values).

Next, we investigated mate choice at an individual level and tested for evidence of
assortative mating based on morphotype or size. Because mating in sticklebacks is
thought to be primarily based on female choice, we investigated mate choice from a
female perspeétive. Firstly, we examined each female’s preference for anadromous
males by calcdlating the proportion of that individual’'s mating events that were with
anadromous males. Here, we were interested in testing two distinct hypotheses: (1}
whether the mean proportion of matings with anadromous males differed .

significantly from the nuil hypothesis of no preference for a particular male
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morphotype (Hy: the proportion of matings with anadromous males = 0.5), and (2}
whether the proportion of matings with anadromous males was associated with
female morphotype and/or female standard length. We investigated the first
hypothesis using t-tests and the second hypothesis using a mixed effects
generalised linear model with the proportion of matings with anadromous males as
the dependent variable, female morphotype and female standard length as a factor

and covariate respectively and pond as a random factor.

Finally, we looked for evidence for size-based assortative mating by calculating, for
each female, the averége standard length of males mated and those not mated. We
used paired t-tests to see if mated males were Iargér than unmated males. Then,
we calculated the difference in standard length between mated and unmated males
for each female. On this basis females mating with large males had a positive score
and females mating with small males a negative score. We used size difference as
a dependent variable in a linear mixed effects model to test for associations with
female morphotype or female standard length. Female morphbtype and female
standard length were entered as a fixed factor and éovariate respectively, and pond

as a random factor.

Statistical tests were performed in SPlus software (v2000).
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RESULTS

Of the 400 offspring genotyped, 372 (93%) were allocated parents, whilst 25 (6

°/§) were found to have ambiguous parents (two or more possible parental
combinations with equal likelihood), and 3 (1%) were found to have no suitable
parental combinations. 23 of the 25 indiQiduaIs wi'th ambiguous pafental
assignment were missing genotype data at either one or two of the eight loci and it
is likely that these missing data were respons_ible for the lower assignment success
than expected in the simulations. Genotyping errors are also likely to play a role
since 3 fry did not match suitable parental combinations. Individuals with

ambiguous or no parental allocation were excluded from further analysis.

The ANOVA of the standard length of parental individuals used in this pond
experiment did not reveal any significant differences in the standard length of
individuals in each of the ponds or any significant interactidns between pond and

| sex or pond and morphotype (Table 2.2). We did detect a significant interaction
between sex and morphotype (Table 2.2, Figure 2.1). A post-hoc test shbwed
anadromous females were significantly larger than anadromous males (Fishers
PLSD mean difference = 4.769, critical difference = 3.609, p = 0.012) but no
significant difference in the standard length of freshwater females and males was
detected (Fishers PLSD mean difference = -2.313, cri‘tica[ difference =5.065,p=
0.355). Sex differences in size have been observed in other studies of anadromous

and freshwater populations (Bell and Foster 1995).
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Table 2.2. ANOVA table of standard length of adults used in pond experiment
based on adjusted sums of squares (Type 3). '

. Variable Df F Ratio P Value
"Pond 3 2.299 0.089
Morphotype 1 31.581 0.000 i
Sex 1 0.664 0.419
Pond*Morphotype 3 0.002 0.999
Pond*Sex 3 1.076 0.368
Morphotype*Sex 1 5.524 0.023 *
Pond*Morphotype*Sex 3 0.293 0.830
65 =
e I:] Ferrale

E 60 B Male

= *

g

3

T 55

_8

§

@ 50 1

Anadromous Freshw ater

Figure 2.1.  Mean standard length of anadromous and freshwater males and
females. Error bars represent standard error. NS = not significant, * p<0.05,
*** p<0.001

From examination of the parental allocations, we found that 41 of the 64 adults in
thé ponds were identified as a parent of at least one fry. The sex, morphotype and
the pond location of the 13 adults not identified as likely parents, varied (Table 2.3).
We sampled significantly more fry from anadromous females than from freshwater
females (anadromous mean: 20.4, freshwater mean: 7.4, 1,5=3.310, p—= 0.003). In
addition, females that did reproduce, mated on average with more than one male

(mean = 2.7, range 1 — 5), and this differed significantly between female
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morphotypes (anadromous mean = 3.3, freshwater mean = 2.2, t,5= 2.466, p =
0.021). Whilst anadromous females may be more promiscuous than freshwater
females, this result is more likely to stem from our sampling methodology. As the
number of fry sampled from a given female increases we are more likely to detect

additional mates.

Table 2.3. The number, sex, and morphotype of adults not identified as parents
in each pond.

Sex and .
Morphotype Pond A Pond B Pond C Pond D Total
Female
Freshwater 1 2 3
Female ) ) ) ] \
Anadromous
Male
Freshwater 3 1 2 6
Male
Anadromous 1 1 2
Total 1 3 4 5 i3

Analysis of the number of mating events between adult morphotypes revealed no
evidence for morphotype-based assortative mating (Table 2.4). Although we
detected more mating events involving anadromous males than freshwater males,
these mating events were independent of female morphotype. However, we did find
evidence for non-random distribution of the number of fry among mating
combinations in two of the ponds and overall (Table 2.5). In pond A, and overall, we
sampled more fry from matings between anadromous females and anadromous

males than we did from matings between freshwater females and anadromous
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males. Conversely, in pond D, we sampled more fry-from matings between
freshwater females and freshwater males than we did from matings between

freshwater females and anadromous males.

‘Anadromous ferr;ales mated proportionally more with anadromous males than
expected from the null hypothesis of an even proportion of matings with both male
morphotypes {(mean = 0.677, null hypothesis 0.5, ti.= 2.579, p = 0.024, Figure 2.2).
This effect was not detected in freshwater females (mean = 0.667, null 0.5, t13=
1.654, p = 0.122, Figure 2.2), although the small number of mating combinations
meant that our power to test this deviation was low. A similar pattern was revealed
in the analysis of the proportion of fry each individual female produced with
anadromous males. Anadromous females broduced prdportionally more fry with
anadromous males than expected under a null hypothesis of an even proportion to
each male morphotype -(mean =0.723, null hypothesis = 0.5, t@: 3.123, p = 0.009)
but freshwater females did not (mean = 0.664, t:3= 1.595, p = 0.135, Figure 2.3).
Anadromous and freshwater females did not differ significantly in the proportion of
fry.produced with anadromous males (Figure 2.3). In a linear mixed model, neither
female morphotype, nor female standard length explained a significant variation in
the proportion of matings with ahadromous males {(morphotype: F12,=0.218, p =
0.645, see also Figure 2.2, standard length: F; 0= 1.557, p = 0.227, Table 2.6). A
large proportion of the total variation in the proportion of matings with anadromous

males was explained by pond as a random factor (0.87).
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Table 2.4. Number of Mating Events between each of the parental morphotypes.
Anadromous | Anadromous Freshwater Freshwater
POND Mother Mother Mother Mother Adjusted dr | pvalue
Anadromous | Freshwater Anadromous Freshwater G value
Father Father Father Father
A 8 3 8 7 0.986 1 | 0.321
B -8 6 2. 1 0.087 1 0.767
c 7 1 5 2 0.566 1 0.452
o] 5 7 0 2 1.767 1 0.184
Cverall 28 17 15 12 0.305 1 0.581

Table 2.5. - Number of fry sampled from each of the paréntal morphotypes
combinations. * p<0.05, *** p<0.001.

Anadromous | Anadromous Freshwater Freshwater
POND Mother Mother Mother Mother Adjusted af | pvalue
Anadromous Freshwater Anadromous Freshwater G value
Father Father Father Father
A 52 8 25 11 3.982 1 0046 *
B 53 15 15 9 3.167 1 0.075
C 60 7 27 2 0.251 o | 0.617
D 36 35 0 17 20.636 1 [ <0.001 ™
Overall 65 67 39 5.837 1

20

0016 -~
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NS

-|- NS

Proportion of matings
« with Anadromous males

Anadromous Freshw ater

Figure 2.2. The proportion of matings with anadromous males grouped by female
morphotype. Error bars represent standard error. NS= not significant. The
proportion of matings with anadromous males was not significantly associated with
female morphotype in a generalised linear model. In separate t-tests the proportion
of matings with anadromous males was sugnlflcantly greater than 0.5 for
anadromous but not freshwater females.

NS

Proportion of try with anadromous males

Anadromous Freshw ater
Females Females

Figure 2.3. - The mean proportion of individual females’ fry that were that were
allocated anadromous males as fathers. The proportion of fry with anadromous
males was not significantly associated with female morphotype in a generalised
linear model. In separate t-tests the proportion of fry with anadromous males was
significantly greater than 0.5 for anadromous but not freshwater females.
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Table 2.6.  ANOVA table of linear mixed effects model of the individual
proportion of matings with anadromous males. Pond entered as a random effect —
variance component 1.64, residual variance = 0.23.

Variable Estimate SE Df F Ratio P value

Intercept 7.01 3.82 1,20 1.409 0.249
Morphotype -3.96 3.20 120 0.218 0.645
Standard Length -0.10 0.06 1,20 1.557 0.227

Morphotype*Standard Length 0.05 0.05 1,20 - 1.144 0.298

We foun‘d evidence of size-assortative mating in which females of freshwater
morphotype mated with large males (paired t-test: mean size of males mated =
54.001, mean size of males not mated 51.845, t13= 3.398, p = 0.004) but this effect.
was not detected in anadromous morphotypes (paired t-test: mean size of males
mated = 52.703, mean size of males hot mated = 52.886, t;o=-0.115, p =0.910) or
among all females (paired t-test: mean size mated males = 53.376 , mean size
males not mate_d =52.347, t,s= 1.217, p = 0.234, Figure 2.4). We explored factors
affecting the difference between mated and Qnmated males with a mixed model with
female standard length and morphotype as fixed factors and pond as a random
factor. We found a significant interaction between female standard length and
female morphotype (Fy 20 = 5.400, p = 0.031, Table 2.7). Freshwater females mated
with large males independent of their own standard length, but a strong negative
relationship between anadromous female standard length and difference in mated
and unmated size was detected. Small anadromous females mated with larger

males than did large anadromous females (Figure 2.5).
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Figure 2.4. Mean standard length of males mated (white) and not mated
(shaded), by all females, anadromous females, and freshwater females.

Table 2.7. ANOVA of mixed effects linear model of difference in size of mated
and unmated males. Pond entered as a random effect — variance component 1.64,
residual variance = 11.97.

Variable Estimate SE Df F Ratio P value
Intercept 5042 17.23 1,20 3.671 0.070

Female Morphotype -42.78 1816 1,20 0.162 0.692 .
Female Standard Length -0.82 028 1,20 3.612 0.072

Morphotype*Standard Length 0.71 0.30 1,20 5.400 0.031
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Figure 2.5. Difference in mated and unmated male standard length piotted
against female standard length. Points above the dashed line represent females
mating with large males, whilst points below the dashed line represent females
mating with smali males. Black points = anadromous females, white points =
freshwater females.

DISCUSSION

Our results suggest that anadromous and freshwater morphs from the River Tyne,
Scotland mate randomly with respect to morphotype when living in sympatry. In all
four‘ponds, mating events were independent of morphotype. _fhe lack of observed
assortativg mating explains the prevalence of intermediate morphotypes in the study
site and is consistent with the findingrs of Hagen (1967) in his study of sticklebaqks in .
the Little Campbell River (but see Hay an_d McPhail 1975). When viewed in
combination with the fact that we have observed considerable overlap in:
anadromous and freshwéter breeding seasons (Chapter 3), and caught both
morphotypes in the same traps (regardless of microhabitat position, personal

observation}, these results suggest that premating isolation does not play a large
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role in the maintenance of differences between anadromous and freshwater morphs

in the River Tyne.

Our experiment offers sevéral improvements over other previously published
studies. Firstly, we used morphotypes collected from a single sympatric breeding
site rather than two allopatric sites. Secondly, we used gen_etics to determine actual
mating events rather than behavioural indicators of mate choice and, thirdly, by
allowing females to mate with up to eight different males we improve on the no-
choice or dichotomous choice designs of previous experiments. Further, we argue
that, by conducting our experiment under semi-natural conditions, using divergent
individuals who were sampled in sympatry, our experiment provides a more
accurate reflection of the extent of premating isolation between anadromous and

freshwater stickiebacks in the wild.

There is little evidence to suggest that courtship behaviour might differ between
sympatric anadromous and freshwater male stickle_backs. In two sympatric
populations of anadromous and freshwater sticklebacks, Hay and McPhail (2000)
found no differences in courtship behaviour between male morphotypes. Owing to
our experimental design, we were unable to investigate differences in female mating
‘ strategies such as clutch size, or differences male courtship, territoriality or paternal
care, but this was not part of our aim. Rather, in these ponds, we hoped to’
reproduce controlled, semi natural conditions, to get a better idea of the type of
mating that occurs in sympatric wild populations where factors such as territory
detence, sneaky mating and paterhal care are likely to influence reproductive

isolation between anadromous and freshwater sticklebacks.
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Qur approach has three fundamental assumptions.” Firstly, the assumption that our
genetic markers provide us with enough power to correctly identify parents,
secondly, that the classification of adults based on morphotype reflects their true
genetic ancestry, and thirdly, that genetic incompatibilities or early exogenous
selection does not influence the survival of hybrid eggs or fry. We are confident that
- our first assumption is true, as simulations using our eight markers show that more
than 99% of parental allocations were correct. Our second assumption was that the
classificatioh of adults based on morphotype reflects their true genetic ancestry.
This is an important issue to address because morphology can sometimes be an
unreliable predictor of ancestral origin in a hybrid zone (e.g. Goodman et al. 1999).
We aimed to reduce this error by using multiple morphological traits (number of
lateral plates, presence of keel, colouration, and body size) rather than relying on a
single trait to classify individuals. Using a separate data set of 392 aduits of known
genetic ancestry and morphology, we were a.ble to test our power to assign
individuals to the correct genetic group based on three of these morphological traits.
We performed a discriminant function analysis using standard length, plate number
(low, or complete), and keel presence/absence as discriminatory variables and
found that individuals were assigned to the correct genetic group 92% of the time (F.
Jones unpublished data). Misclassifications primarily involved genetically
freshwater fish being classified as morphologically anadromous. The discriminant
function analysis did not include the additional trait of colouration (because this data .
was unavailable) which is likely to further improve our discriminatory power.
.Therefore, the adult morphotypes we selected for this pond experiment are very
likely to have the assumed anadromous and freshwater genetic ancestry. Our third
assumption was that endogenous or exogenous factors did not iﬁfluence the

survival of hybrid eggs or fry. Hybrids from matings between anadromous and
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freshwéte;r morphs in the Little Campbell River did not show evidence of genetic
incdmpatibilities or reduced viability (Hagen 1967). Given that we did not observe a
deficit of fry from matings between morphotypes, we believe that it is unlikely that
either endogendus or exogenous selection was stronger on these individuals. if this
assumption was wrong, our measure of hybridisation (or matings between
morphotypes) would be conservati-ve, because selective pressures would act to

remove hybrids before they were sampled.

On average, females mated with more than one partner during the one month period
of this experiment and multiple matings were more frequent in anadromous females
than freshwater females. Studies of a wild (anadromous) popuiation, tound the
inter-clutch interval to range from 5 to 10.7 days (Boule and FitzGerald, 1989), _aﬁd
in laboratory studies of freshwater pc_)pulations the inter-clutch interval was reported
to range from 4-8 days Wootton (1974). The similar inter-clutch intervals of
anadromous and freshwater sticklebacks suggests that the greater number of
matings observed in anadromous females is more likely to arise from multiple
paternity within clutches. A female’s ability to mate with multiple males is likely to be
aftected by clutch size (and clutch size is greater in anadromous females, Hagen
1967) so it is possible that the multiple partners we detected in this experiment are a
result of females depositing eggs in different males nests and therefore reflect active
female choice. An alternative, but equally plausible explénation, is thkat multiple
_partners are a result of some males sneaking fertilisations after females deposit their
eggs in the chosen male’s nest. One female had five different mates but the

number of fry sa{mpled from each of these mates varied considerably (2-15). This

variance would be expected in a situation where sneaky mating had occurred
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(Largiader et al. 2001, Jones et al. 1998) but could also be explained by differences

in the quality of paternal care or initial clutch size.

In each pond we sampled more fry from anadromous females and males than we
did from freshwater females and males. This observation is best explained by the
larger body size of anadromous females and males compared to freshwater
morphotypes. Infemales, body size is positively associated with fecundity and
anadromous females produce a greater number of eggs per clutch than freshwater .
females (Hagen 1967, Kraak and Bakker 1998). Large body size has been found to
be advantageous in male territory defence and is likely to be correlated with the
propensity to mate. During the reproducfive period a male’s territory needs to be
defended from nest destruction, sneaky fertilisations, egg thievery, and predation of
fry. In populations where there is large variance in male body size, large males
defeat smaller males when competing directly for a territory (Rowland 1989).
Goldschmidt et al. {(1992) found that smaller inter-nest distance increased the
probability of sneaky mating behaviour. In this experiment we stocked the ponds at
a density of one malé per 0.75 sq metre. This density is roughly equivalent to nest

densities recorded in the wild (Whoriskey and FitzGerald 1994).

In two ponds, we detected significant heterogeneity in the number of fry sampled
from each parental morphotype combination, despite the random distribution of
mating. events between morphotypes. In pond A and overall, proportionally more fry
were sampled from anadromous males compared to freshwater males, but this bias
was greater in anadromous females than in freshwater femalés. Pond B also
showed a similar trend. In contrast, in pond D, whilst the proportion of fry sampled

from anadromous mothers showed no bias toward male morphotype, amongst
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freshwater mothers we observed a strong bias toward freshwater males (Table 2.5).
These patterns are unlikely to result from the differences in body size between
anadromous and freshwatéer morphotypes because we did not detect significant
differences between ponds in the size of each adult morphotype present. Further,
heterogeneity between ponds does not appear to result from the number or
morphotype of adults who were not identified as parents (Table 2.3). Potential .
explanations for the observed patterns include the possibility that females may
deposit different numbers of eggs with each male morphotype, or the success of

male paternal care may differ depending on the morphotype of the mother.

On an individual level, our results revealed that anadromous females had a weak
preférence to mate with. their own morphotype whilst freshwater females did not.
This finding is consistent with a study of mating success between allopatric
populations of Pacific anadromous and freshwater sticklebacks. |shikawa and Mori
(2000) found a ‘higher courtship success rate when anadromous females were
paired with their own morphotype than when paired with a freshwater male. They
did not detect a significant difference in mating success when freshwater females
were paired with anadromous or freshwater males. From these findings, it is
possible to predict that, in the wild River Tyne population, hybridisation between
‘freshwater females and anadromous males will occur at a higher rate than between
anadromous females and freshwater males. We plan to investigate this possibility
further by examining mitochondrial and nuclear markers in individuals collected from

the hybrid zone (Chapter 3).

Our results also revealed an association between mating events and male body size

such that both anadromous and freshwater females mated with large males more
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often than small males. Freshwater females mated with large males independent of
their own body size. This ‘preference’ for large males is consistent with studies
conducted within stickleback populations ¢f a single morphotype. Females prefer to
mate with large males (Rowland 1989). But our results are inconsistent with studies
of divergent stickleback populations where differences in body size were negatively
associated with mate compatibility (Nagel and Schluter 1998, McKinnon et af. 2004).
One possible explanation for this might be differential success by large and small
males in obtaining and holding territories within each pond (Rowland 1983 a,b),
since neither Nage! and Schiuter (1998) or McKinnon et al. (2004) allowed for
territory competition in their experimental designs. Further, in our experiment, we
observed that small anadromous females mated with large males, whilst large
anadromous females mated with small males. This may indicate that large females
are actively choosing to mate with small males, but more likely, small males might
be adopting a sneaky mating strategy, and using this strategy might be more
successful in matings involving large females because of the larger clutch size |

(Hagen 1967, Kraak and Bakker 1998).

Using genetics to identify mating events, we fou_nd high levels of hybridisation
between anadromous and freshwater sticklebacks collected from a contact zoné.
The direction of hybridisation in the wild is likely to be biased because freshwater
females mate with Iarge‘ males and anadromous females mate proportionally more
with their own morphotype. In the River Tyne population, premating isolation is
unlikely to play a large role in maintaining divergence between anadromous and
freshwater morphotypes. Future analyses should address two specific questions: Is
hybridisation in the wild biased in any direction? And does selection against hybrids

maintain divergence between anadromous and freshwater sticklebacks?

52



Chapter 3 Reproductive Isolation in the Wild

CHAPTER THREE

REPRODUCTIVE ISOLATION IN A THREESPINE STICKLEBACK

{Gasterosteus aculeatus) HYBRID ZONE

ABSTRACT ........ooiviiii e, e 54
INTRODUCTION .. e e 55
MATERIALS AND METHODS ... ..ot 59
FIELD WORK AND SAMPLE COLLECTION ..ot 59
MORPHOLOGY ..ttt et e v v e v e an e e iaaens T 62
GEN OTY PING .. et e 63
STATISTICAL ANALYSIS ......o.vvieireerieieieeneeosseseseesees e caeeesaesenesnanen 67
MOrPROIOGY ... i e e 67

Genetic Structure Analysis ...... q ........................................................ 68

Tests for reproductive isolation ... 69
RE S UL TS Lo e e 71
MORPHOLOGY ......ooovoereerernrnonreseeeren. e 71
GENETIC STRUCTURE ...t e et e et e e enanes 75
REPRODUCTIVE ISOLATION L.ttt e s en e 80
DISCUSSION ... T TP PP 83

53



Chapter 3 . Reproductive Isolation in the Wild

ABSTRACT

In many estuarine sites, morphological differences between anadromous and
freshwater threespine sticklebacks are being méintained despite breeding in sympatry.
Here, we investigate the maintenance of this morphological divergence in a natural
hybrid zone in the River Tyne, Scotland. We give a morphological and genetic
description of the hybrid zone and using young of the year investigate the strength and
nature of reproductive isolation between the morphs in the wild. In a previous study of
anadromous and freshwater morphotypes from this system, we found weak assortative
mating and predicted that hybridisation in the wild would show a directional bias
towards mating between freshwater females and anadromous males. Using a
Bayesian MCMC approach, we identified distinct anadromous and freshwater genetic
clusters and the presence of hybrids in some sites of the River Tyne. Anadromous and
freshwater sticklebacks differ significantly in shape, size and lateral plate number. Both
moerphological and genetic data revealed that anadromous and freshwater sticklebacks
-overlap spatially and temporally in the lower reaches of the river. In these sites,
individuals of intermediate morphology and genetic ancestry are common and the
presence of these hybrids indicates that reproductive isolation is incomplete. The
significant hetero?_ygoté deficit in juveniles collected from sympatric sites is suggestive
of assortative mating but might also be explained by selection against hybrid fry. This
finding was supported by the existence of cytonuclear diseduilibrium in homozygotes for
anadromous and freshwater ﬁucléar genes. However, the lack of cytonuclear
disequilibrium in hybrids does not support our prediction of hybridisation being biased

towards matings between freshwater females and anadromous mates. We conclude
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that hybridisation between anadromous and freshwater sticklebacks in the River Tyne is
common and bi-directional, and that either assortative mating and/or early fry mortality
contributes to reproductive isolation between the morphs. We discuss potential causes
of the possible differences between mating patterns in the River Tyne, and River Tyne

fish brought to a pond environment.

INTRODUCTION

In sites throughout the northern hemisphere migratory anadromous and resident
freshwater threespine sticklebacks exist as species pairs: ecologically, morphologically,
and genetically distinct populations that are in sympatry for at least some part of their
life cycle (Taylor 1999). Despite breeding in sympatry in freshwater, these fish have
undergone divergence in genetic and morphological traits associated with differences in
ecology and life 'history (McPhail 1994, McKinnon 2002). "Anadromous fish spend most’
of their lives at sea but migrate from the ocean to freshwater to breed. They nestina
variety of estuarine conditions including rock pools, intertidal reaches of rivers, and
completely freshwater reaches of rivers. The upper limit of their migration into
freshwater appears to be constrained by stream gradient (Hagen 1967) and in the lower
reaches of rivers they often breed sympatrically with freshwater-resident stickiebacks.
Morphsl vary considerably in numerous morphological and meristic traits with freshwater
resident morphs being smaller, possessing shorter spines, fewer gill rakers and lateral
plates, than the more robust anadromous form (McPhail 1994, Walkér and Bell 2000).

Molecular evidence suggests that freshwater populations have arisen since the last ice
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age (max. 20,000 years ago) by the repeated and independent invasion of freshwater
habitats by marine sticklebacks (Taylor and McPhail 2000, McKinnon et al. 2004). The
consistent loss of plates and many other morphological differences between the forms
is therefore most likely a ‘result of parallel evolution (McPhail 1994, McKinnon et al.
2001). The above-mentioned characteristics make sympatric pdpulations of this
species pair useful for studying factors influencing speciation and the parallel evolution

of morphological traits.

The degree of premating isolation between anadromous énd freshwater resident
sticklebacks appears to vary throughout their distribution from complete premating
isolation (Ziuganov 1995), to no premating isolation in laboratory conditions (Hagen
1967). Hagen's (1967) study of the Little Campbell River, Canada, was instrumental in
showing that premating isolation might be affected by ecoiogical factors. These factors
are likely to'indude differences in the timing of breeding seasons, (Hagen 1967,
McPhail 1995), and differences in microhabitat preference (Hagen 1967). In addition,
sexual selection in the form of assortative mating may also contribute to premating
isolation between anadromous and freshwater morbhs (McKinnon et al. 2004,
Boughman 2001). With the gehetic tools available today, field studies of a hybrid zone
can provide a more powerful approach for understanding the factors influencing
reproductive isolation and maintenance of mbrphological differences between the

members of this species pair.

In a previous study of anadromous and freshwater morphotypes collected from the

River Tyne, Scotland, we showed that assortative mating is unlikely to be playing a
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large role in maintaining divergence between anadromous and freshwater morphs
(Chapter 2). In that experiment, we used divergent morphotypes collected from a single
site, and found that hybridisation occurred readily. This result conflicted with studies of
other anadromous and freshwater stickleback populations (Hay and McPhail 1975,
Zuiganov 1995, Scott 2004, McKinnon 2004, but see Hagen 1967), but is more likely to
reflect assortative mating in the wild because .samples were collected from a s'ingle
sympatric site, rather than two allopatric sites, and involved semi-natural conditions,
rather than laboratory based binary choice experiments. Assortative mating
experiments conducted in laboratory or semi-natural conditions may not reflect mating
in the natural population because differences in the timing of breeding and microhabitat
use mightl be affecting premating isolation. Intermediate morphs have been reported in
many populations (e.g. Hagen, Hay and McPhail 2000), but despite the general belief
that hybridisation is occurring, only one field based study of a hybrid zone has been
reported (Hagen 1967). Using morphology and a single allozyme locus, Hagen
estimated hybrids to represent approximately 21% of the overall population in the Little
Campbell River. The lack of available genetic tools prevented him from investigating
premating isolation in the wild, and he found no evidence of assortative mating in the

laboratory.

The timing of the anadromous and freshwater stickleback breeding seasons differ
throughout their distribution (McPhail, 1995). Resident freshwater fish breed throughout
the summer, in some populations starting as early as March (Hagen 1967) and
continuing until September (Baker 1994). There is greater variation in the timing of

breeding in anadromous populations. This is largely dependent on the timing of the
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anadromous run (McPhail 1994), which is strongly influenced by tides and lunar cycles.
McPhail (1994) reported that anadromous fish on the west coast of Canada start to
breed earlier than freshwater resident fish, but the bréeding seasons still overlap
considerably. In his study of anadromous and freshwater sticklebacks in the Little
Campbell River, Canada, Hagen (1967) found a temporal overlap in breeding season
for approximately two months. To date, we have no evidence of sympatric anadromous
and freshwater morphs that show complete temporal isclation in breeding season.
Therefore, diﬁérences in timing of breeding seasons alone are unlikely to cause

complete premating isolation between these morphs.

Hagen (1967) presented evidence of differences in microhabitat preferences between
anadromous and freshwater morphs from the Little Campbell River. In laboratory
studies, he found significant differences in the nesting substrate and vegetation
preferences of anadromous and freshwater males. He also described differences in
microhabitat preference by plate morphs in Bonsall Creek, Canada, where high plated
morphs are common in sandy substrate in the centre of the stream, and low plated
morphs in the muddy substrate at the edge. It is unknown whether this corresponds to
nesting location, and at present, no studies of nest location in & hybrid zone have been_
carried out. Nesting location may affect encounter rate by females and could contribute

significantly to premating isolation between the morphs.

Here we describe the contact zone between anadromous and freshwater sticklebacks
in the River Tyne, Scotland and set out to investigate the strength and nature of

reproductive isolation between the morphs. Firstly, we developed a suite of genetic
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markers to discriminate between anadromous and freshwater individuals, and used
them to describe the morphological differences between anadromous and fréshwater
sticklebacks using geometric morphometric and traditional morphological analyses.
This enabled us to examine the spatial and temporal distribution of fish in this river and
identify hybrid/introgressed individuals. In sites where anadromous and freshwater
sticklebacks breed sympatrically, we investigated reproductive isolation using genetic
markers. From the results of our previous experiment (Chapter 2) we predicted that, in
the natural population assortative mating would be weak, and that hybridisation may be
biased towards matings between freshwater females and anadromous males. We
investigated these predictions by testing for a heterozygote deficit in juveniles, which
would arise if either non-random mating or selection against hybrid fry was occurring. '
In addition, we looked for evidence of directional hybridisation by performing tests for

cytonuclear disequilibrium on hybrid individuals.

MATERIALS AND METHODS

FIELD WORK AND SAMPLE COLLECTION

Field work was conducted by Felicity Jones and Culum Brown at eight sites along the
River Tyne, East Lothian, Scotland (grid reference at mouth of river 56”1.2'N 2" 34.1'W)
during the years 2001-2003 (Figure 3.1). Site 1 was in rock pools at the mouth of the
river, sites 2 and 3 were under tidal influence and 4 - 8 were freshwater sites. Several
weirs were constructed across the river during the 19" century to assist neighbouring

mills. The lowest weir, located between sites 4 and 5, contains a fish ladder to facilitate
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the upstream movement of migratory fish. Other weirs exist between sites 5 and 6, and
7 and 8 and there is a waterfall between sites 6 and 7. All of these are likely to affect
the movement of fauna within the river. In July 2001, July and September 2002, and
then on a monthly basis from Jan 2003 — Dec 2003 sticklebacks were collected using
wire mesh n.1innow traps immersed overnight. At each site, four traps were placed on
each side of the river {eight in total) roughly 5m apart, equating to samples being
collected from approximately a 20m stretch of river. Morphological measurements were
taken, fish were fin-clipped for genetic analysis, photographed, tagged with visible
elastomer tag (colour specific to the site), and released back into the river (Tabl'e 3.1). '
Tagging enabled us to identify previously sampled individuals, and to investigate
changes in bobulation size and the extent of within river movement (Jones et al. in
prep). We also recorded the gravid status of each individual sampled. Young of the
year collected in late September 2002, and adults from January - March 2003 were
preserved in ethanol instead of being tagged and released. During July 2003 both
adults and juveniles were caught in our traps. Adults were easily identified based on
their large body size, and also in many cases due to their secondary sexual -
characteristics (red pigmentation in males, gravidity in females). Adults virtually
disappeared from our samples in August 2003 (as a result of mortality or migration back
out to sea). Juveniles less than 25mm standard length were not caught in our traps and
therefore are not represented in our samples. Individuals sampled from September
2003 — December 2003, were used in genetic structure analysis (see below) but are not

discussed elsewhere in this paper.
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Figure 3.1. Map of sample sites (1-8) along River Tyne, Scotland.

Table 3.1. The number of individuals from which morphological data was collected for each site
and month in 2003. Note, these samples sizes do not reflect the total number of individuals
caught, but a random sample up to N = 57 of those individuals caught at each site in each
month.

2003
Site [ Jan Feb Mar Apr May Jun Jul Aug | Jul Aug Sep Oct Nov Dec |TOTAL
Adults Juveniles
4] 0 0 34 20 16 0 o} 0 ] 0 0 61
16 7 14 38 50 39 50 27 5 3 [ 260
30 | 8 |23 ] 42 | s0 a2z | s0 | s0o | 30§ 13 | 15 | 355
57 54 12 50 a5 35 22 50 50 30 30 23 465
8 18 15 43 31 28 44 40 50 30 30 16 354
49 15 39 50 44 26 39 11 50 50 30 30 30 463
35 23 8 30 36 50 39 ik 50 44 30 30 30 416
8 43 24 8 18 g 7 8 1 50 - 30 30 30 258
TOTAL| 203 | 180 97 228 | 269 | 266 | 116 160 | 341 | 271 185 | 166 | 150 | 2632

~N|ojlan|a]w| |-

2 lojojJojo |0 |QC]O =
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MORPHOLOGY

Lateral plate counts of the left side of the body were performed in the field by gently
prodding a sedated fish (MS222 anaesthetic in NaHCQ; buffer} with a ‘seeker’
dissection tool. The length of 1%, 2™ dors;I and left pelvic spines was measured using
Callipers accurate to 0.1mm. Standard length of the fish was calculated from a digi'tal
image of the fish with reference to a background 5mm grid (live specimens), or
measured using callipers (preserved specimens). Using the software tpsDig (Rohlf
2001) we recorded the x and y coordinates of eleven landmarks on the digital
photographs (Figure 3.2). To avoid the gravidity of females affecting our analyses of
shape, we used landmarks concentrated around the head region rather than the body.
Landmark configurations were also used to calculate centroid size (defined as square
root of the sum of squared distances of a set of landmarks from their centroid), which

provided a useful measure of body size. In addition, we used tpsDig to measure four

other traits; snout length, head depth, head length, and eye diameter.

Figure 3.2. Morphological measurements taken from sticklebacks. Red points indicate
landmarks for which x and y coordinates were digitised. Red lines indicate measurements of
standard length, spine lengths, head depth, head length, eye diameter and jaw length. Lateral
plate counts were also taken.
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GENOTYPING

DNA extractions were performéd on fin-clips using a chelex extraction protocol (Walsh
et al. 1991) with 0.2mg/mL proteinase K. A suite of markers was chosen with thé aim of
discriminating between anadromous and freshwater morphs, and identifying
hybrid/introgressed individuals. A total of 1961 fish from all eight sites (Table 3.2) were
genotyped at 7 microsatellite loci, 1 rrl'sitochondrial single nucteotide polymorphism
(SNP, located within the cytochrome b gene), and 3 nuclear SNPs positioned in introns
of targeted genes (ATP1a2 intron 1, Myosin Heavy Chain intron 5, and beta Andfogen
Receptor intron 2, see Table 3.3 and details spécified below). In addition, fish were
sexed using labelled primers that amplify the 3’ untranslated region of the Iso-citrate
dehydrogenase (ldh) gene v;rhere a sex-linked insertion-deletion exists (Peichel K,

unpublished data, see Table 3.3 and details specified below).

Tahle 3.2. Sample sizes of fish genotyped from each site each month. Age Class A = Adult,
Age Class J = Juvenile.

Year 2001 2002 2003 Grand
Month Jul [ Jul [Jul Sep | Apr May Jun Jul Aug | Total [ Jul Aug Sep ©Oct Nov Dec |Total| Site
Age class A A J J A A : dJ J Total
1 19| -- - - 34 20 16 1 71 - .- - | o 90
2 - 45|14 38 5 1 - [103 |3 5 27 5 3 6 |130| 278
3 - | -|- 45 }23 42 5 5 - |120|832 5 50 30 13 15190 | 385
© 4| 75 |18|40 50|50 45 35 7 - [ 137 |22 50 50 30 30 23 |205| 525
» s - s .- - . . <io |- - s - - -|50]| 98
6 e s - - - i e |- - s - . - |s50]| 95
7| 5t |21|6 45|30 36 50 39 - | 155 |11 50 44 30 30 30 | 195 | 473
8 -1 - - - - 0 - 50 - - - - | 50| s0
Total | 145 |39,46 275[117 195 205 68 1 | 586 [ 104 250 271 95 76 74 |870 | 1961
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The mitochondrial SNP was identified using species-specific primers which amplified
the cytochrome b gene. In addition, three nuclear SNPs were identified by designing
primers for conserved exon regions spanning introns, using multiple alignments of

* sequences from multiple fish taxa. In some cases, primer design was aided by
identifying candidate genes from the stickleback expressed sequence tagged (EST)
database (Genbank) using the Blast search algorithm. Double stranded sequences of
mitochondrial (1200bp) and nuclear introns (between 400 and 800bp) were obtained

from 14 fish (7 from each of Site 1 and 8} and SNPs were identified.

A single diagnostic SNP was identified in the cytochrome b gene and fish from Sites 1
and 8 were discriminated by restriction fragment length polymorphism (RFLF) assay.
Cytochrome b PCR products were amplified using forward and reverse primers Igbelled
with different coloured fluorescent dye's. The enzyme Hph I was used to digest the
PCR product at 37°C for 3 hours, producing two different coloured fragments in

freshwater fish and 1 fragment in anadromous fish (Table 3.3).

At the three nuclear intron loci we identified both homozygous and heterozygous
individuals for the alleles from analysis of sequence electropherograms. Since the
detected SNPs could not be easily identified using a RFLP assay, we developed a
novel screening assay. For each locus, this approach involved two separate PCRs,
with a single reverse primer and one of two different forward primers. The forward
primers were designed to amplify one of the two possible alleles by annealing
immediately upstream of the SNP with the 3' base specific to one of the polymorphic

nucleotides. The forward primers differed in length by one base pair at the 5 end, and
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were labelled with diﬁefent coloured fluorescent dyes (Table 3.3). Using positive and
negative controls in the form of a heterozygous and two homozygous individuals for
each of the alleles, wHich were identified by sequencing, we optimised the PCR
conditions to high specificity (Table 3.3). This ensured non-specific amplification of the
alternative allele did not occur. During screening, these three positive bontrols-were
also included in every PCR batch to enable identification of non-specific amplification,

but we did not detect any.

For all loci, PCRs were performed in a 10uL volume containing 1TmM dNTP’s, 0.4uM of
each primer, 0.4 units of BioLine taq- polymerase, 1x BiolLine Buffer, 2.QuL of DNA and
with varying MgCl, concentrations (Table 3.3). Amplification cycles consisted of 2 min
denaturation at 94°C, followed by 25 cycles of 30 sec at annealing temperature (Table
3.3), 1 min at 72°C and 45 sec at 90°C, and finished with 4 min extension at 72°C.
Combined PCR products from all 12 loci were run with internal size standard (GS500-
Liz) on an ABI 3730 capillary sequencer using a single capillary per individual.
Resulting electropherograms were then analysed using Genemapper soﬁware v3.0.
Details of sample sizes of fish genotyped from each site each month for the purposes of

this study are shown in Table 3.2.
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Table 3.3 Details of loci used. Reference 1 = Piechel et al. 2000, 2 = Jones et al. this study), 3
= Peichel {(unpublished). FAM, VIC, NED, PET represent fluorescent labels, * 7bp 5’ tail, b
annealing temperature (°C) followed by MgCl, concentration (mM) in parentheses, © Primers
redesigned using Genbank sequence for resizing purposes. Product sizes are given for
freshwater (FW) and anadromous (AN) cytochrome b RFL.P haplotypes, and for male specific
(male) and all individuals {(all} sex fragments. ¢ 1bp length variation present. '

LOCUS Primer Sequence( " 5'-3') Product Size (bp)  PCR Conditions®  Reference

Microsatellite Loci

STNS F PET GCGAAACGTTCATTTCAATTC 106 - 146 58 (2.0) - 1°

A *ABRAATTAATCGTTAGCACCCCTA

STN26 F NED GTATCGAAGTCTGAAGGCCG 106 - 126 60 {0.5) 1
R GTACAGCATGTGGTCGATGG

STN94 F PET GGCACGTCTCTCACTTTGAC 183 - 216 53{1.5) 1°
R TNGATTTTACATTNTANCCTGGAC ‘ .

STN96 F FAM ACACCTTCGGCTCCATATCC 218 - 280 58 (3.0) 1
R CGCAGCTCTCTGCTTTGC

STN130 F FAMTTCGGCTTATTTICTTACCTGC 122 - 166 56 (0.5) 1°
R ®ATGTTGTAGGCGAGGACAGGATG

STN152 F VIC ATGGAATATCGACAGAGCCG 228 - 348 57 (3.0) 1

. R GTGCGGTCTGCTCATCAAGG - ‘
STN208 F VIC GAGTGGTTTCAAGCTGTGAGC 103 - 183 53 (1.5) 1

R CGCCTGTTCTTTACAAAGCC

Nyclear intron SNP's

ATP1a2 F PET TCTAAAAAATCTTTGTCCAACCC 79 80 (0.5) 2
F NED ATCTAAAAAATCTTTGTCCAACCA 80 62 (1.5)
R GACCTGGGAGACGAAGAGTAAA )
BAR2 F FAM AACATTACGGCATATTTTGTACTAAC 184 59 (0.5) 2
F VIC CAACATTACGGCATATTTTGTACTAAT 185 59 (0.5)
R TGCGAAGTTATCATCCCTAAAGA
Myo3-1HC F VIC TGAAGGTGTATCATCTGCTAATTTT 90 60 (0.5) 2
F FAM TTGAAGGTGTATCATCTGCTAATTTG 3] 59 (0.5)
R TGGATGACTCTITTGGTGTTGA
Mitochondrial SNP
Cyt-b F FAM CCCTCCTTGGACTTTGCTTA 157, 326 (FW) 57(1.5) 2
R NED TGAACAAGTGTGGCACCAG 483 (AN), 226, 257 (AN)
Sex Marker

Idh 3'UTR F GGGACGAGCAAGATTTATTGG 270 (male).-BOO (all} 59 (1.5) 3

R_PET TATCGTTAGCCAGGAGATGG
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| STATISTICAL ANALYSIS

Morphology - We examined the differences in morphology between adult fish collected
from Site 1 (rock poolé) and Site 8 (upstream) in April — July 2003. To investigate
differences in overall body shape wé used a geometric morphometric approach. After
performing a generalised procrustes alignment of landmark configurations to remove
non-shape variation (for example, due to the position, orientation and size of the fish},
we extracted partial warp scores from the remaining variation in landmark
configurations. These shape variables were then entered as dependent variables in a
MANOVA with sex and site as independent factors. Visualisations of shape differences
were achieved using thin-plate splines to map the deformation in shape from Site 1
(anadromous) to Site 8 (freshwater) fish. To compare differences in specific
morphological and meristic traits we performed t-tests comparing individuals of each
sex from Sites 1 and 8 separately. Because we found significant differences in size, as
indicated by both standard length and centroid size, statistical tests were performed on
size adjusted trait scores (residuals from a regression of the trait against standard
length). Finally, using morphometric, morphological {e.g. head length and depth) and
meristic measufements (e.9. lateral plate number) collected from adult fish in all sites,
we examined the distribution of morphotypes in the river and looked for evidence of
morphotypes existing in sympatry. This analysis involved two steps. Firstly, a
discriminant function analysis was performed to discriminate between fish from Site 1
and 8, and coefficients for canonical variables were extracted. These coefficients were
then used to calculate the canonical score for each individual collected from all eight
sites in the river. In this way, the morphology of fish from sites 2-7 is scored in terms of

similarity to anadromous fish from Site 1 or freshwater fish from Site 8. We examined )
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the distribution of canonical scores within each site for evidence of geographic overlap

of morphotypes.

Genetic Structure Analysis - The presence of (a) distinct genetic clusters in our entire
data set of nuclear genotypes (1 96‘1 individuals, Table 3.3), and (b) within-site
structuring, was tested using STRUCTURE v2.0 (Falush et al. 2003). This analysis
utilised the mode!-based clustering algorithm of Pritchard et a;l. (2000) to cluster
individuals based oﬁ their multilocus nuclear genotypes and accounted for the
correlations between linked loci that arise in admixed populations (Falush et al. 2003).
One of the big advantages of this approach is that it is possible to test for distinct
genetic clusters without having any a priori assumptions about an individual’s
population of origin. 'For both analyses we estimated the posterior probabilities of there
being K distinct genetic clusters within our data sets, where K=[1-8], and K=[1-3] for
analysis (a) and (b) respectively. We tested for up to eight clusters in analysis (a) to
incorporate the possibility of there being genetic distinctions between fish in each of the
eight sites. This was done assuming an uniform prior for K, was repeated 3 times to
assess convergence of LnP(X|K), and invoived a burr_l-in period of 100,000 replicates
followed by 1,000,000 replicates for each run. The number of clusters was determined
by the value of K with largest posterior probability following the guidelines of Pritchard
et al. (2000). In the case of analysis (b}, if two genetically distinct clusters existed in
sympatry in a single site, then we would expect two genetic clusters (i.e. K to equal 2),
and we call such sites ‘sympatric sites’. Alternatively, if samples collected from a single

site were from a randomly mating population we would expect K to equal 1.
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Since we found K = 2 in our analysis of the entire data set (see results), we were able
to assign individuals to distinct genetic clusters and identify putative hybrids using the
individual ancestry assignment scores (q) obtained from the above analysis. These
scores correspond to the probability of an individual having ancestry in one of the two
putative source populations. We examined the spatial and age class distribution of
ancestry scores in the river by plotting histograms of scores in each of the eight sites for
adults (Apr - Jul) and juveniles (Jul — Dec) separately. Finally, 90% confidence
intervals around these estimates were used to classify individuals as either “freshwater”
(confidence intervals around g incorporate 0 but not 1), “hybrid” (confidence intervals
around g incorporate 0.5 but not 0 or 1), “anadromous” (confidence intervals around q
incorporate 1 but not 0). These classifications were used as indicators of an individual's
nuclear genetic composition in analyses of female gravidity and cytonuclear

disequilibrium.

A‘ Using gravidity of females as an indicator of reproductive condition, we were able to
determine the temporal overlap in breeding season of the genetic groups. We
calculated the proportion of genetically anadromous, hybrid and freshwater females that
were gravid in each month from Sites 1-4 and Site 7. Females from sites of sympatry

(Sites 2-4) were pooled.

Tests for reproductive isolation - Having determined that anadromous and freshwater
sticklebacks exist in sympatry in sites 2-4, and additionally, that genetically hybrid
individuals and individuals of intermediate morphotypes were present in these sites

(see results), we investigated the strength and direction, if any, of premating isolation.
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We used the genotypes of juveniles collected in July and.August to determine the
mating patterns of the adult breeding population. We chose not to include young of the
year individuals sampled from September — December to exclude any possible effects
of the anadromous migration out to sea and of selection against young of the year, on
genotype frequencies. Firstly, we looked for evidence of non-random mating in sites 1-
4, 7 and 8 by testing for departures from Hardy Weinberg Equilibrium. Specifically, we
| tested for heterozygote deficiency using the program FSTAT (version 2.9.3.2, Goudet,
J. 2002). Significance was assessed by randomisation tests (where alleles were
randomised among individuals within samples 50,000 times). Because our sample did
not include fry <25mm we are unable to exclude the possible contribution of postmating

selection against hybrid fry towards a heterozygote deficit.

Next, we investigated the nature of reproductive isolation and whethér hybridisation was
directional (where one combination of parental morphotypes hybridises more often than
the other) using tests for cytonuclear disequilibrium. We tested for associations -
between maternally inherited mitochondrial genotypes and nuclear genotypes using the
program CNDm {Basten and Asmussen 1997). In these tests, significant
disequilibrium indicates non-random association between the nuclear and mitochondrial
genotypes. Detection of significant cytonuclear disequilibrium within the anadromous
and freshwater nuclear genotypes might arise from either assortative mating, or post-
mating selection against fry, and significant cytonuclear disequilibrium within the
heterozygous or hybrid nuclear genotype may provide evidence of directional
hybridisation. Cytonuclear disequilibrium was tested using the nuclear genetic ancestry

coefficient, q, estimated from the multilocus assignment test employed in STRUCTURE
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(see above), and mitochondrial haplotypes in pooled juveniles collected from Sites 2-4
in the months of July and August. Tests were performed following the guidelines of
Basten and Asmussen (1997). Significance of overall departures from random
genotypic associations was assessed using Monte Carlo Markov Chain randomisations
involving 100 batches of 1,000 observations whilst the significance of individual

disequilibria was assessed using Fisher's exact tests,
RESULTS

We sampled a total of 2632 sticklebacks from the River Tyne during our field work in
2003 (Table 3.1). Sticklebacks were present in the rock pools at Site 1 in the months of
May — Aug but were absent at all other times of the year. Based on these obsefvations
we believe that the anadromous sticklebacks migrate from the ocean to their breeding
grounds between April and May. At Site 1, sticklebacks were more abundant, but not
exclusive to, rock pools located above the mean high tide mark. These pools
experience less tidal disturbance and contain fewer marine snails compared to lower
pools (Pers. Obs.). In the lower reaches of the river, we caught both anadromous and

freshwater morphotypes in the same trap.

Morphology

We found a significant difference in the shape of adult fish sampled from Sites 1 and 8,
and significant differences in shape between sexes (MANOVA: Site Fs4 001 3=7.383,
p<0.0001, sex Fa4150=4.757, p<0.0001). In addition, we found a significant interaction

between sex and site suggesting that the extent of sexual dimorphism in shape differs
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in each site (sex*site Fg7=2.394, p<0.0059). Consistent with other morphological
descriptions of these fish {e.g. Walker and Bell 2000), anadromous fish have a more
robust head shape than freshwater fish (Figure 3.3). In both sexes, fish from Site 1
were significantly larger (centroid size) and longer (standard length) than fish from Site
8 (Table 3.4). We found females from Site 1 to have significantly longer dorsal and
pelvic spines and deeper heads than females from site 8, after adjusting for standard
length. In contrast, males from Sites 1 and 8 did not differ significantly in these size-
adjusted traits. Both males and females from Site 1 possessed significantly more
lateral plates than males and females from Site 8. Examination of the distribution of
canonical scores within each of the eight sites (Figure 3.4a), revealed that both
anadromous and freshwater morphotypes were sampled from Sites 2-4, and that fish
from Sites 5-7 are of freshwater morphotype only. Because lateral plate number as a
canonical variable contributed a large amount of weighting in the canonical function we
plotted the distribution of lateral plate morphotypes in each of the sites (Figure 3.4b).
We also observed the presence of individuals of intermediate morphology in Sites 2 - 4

(Figure 3.4a,b).
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Ry bl
(c) Freshwater Maie {d} Anadromous Male

Figure 3.3. Visualisation of shape differences between anadromous and freshwater fish, For
each sex, grids show the deformation in shape of an average consensus configuration into
freshwater configuration {a) and (c) and anadromous configuration (b) and (d). Deformations
have been magnified 3X to emphasise the shape differences. The background represents
superimposition of a fish graphic into the estimated landmark configurations, but only changes in
the position of the landmarks should be considered. *** represents significant differences in a
MANOQVA of partial warp scores at the p<0.0001 level.

Table 3.4. Morphological differences between anadromous (Site 1) and freshwater (Site 8)
sticklebacks from the River Tyne. Measurements of spine lengths, and lateral plate counts were
collected in the field, using callipers accurate to 0.01mm. All other measures were calculated
from digital photographs. Measurements for all traits are in millimetres, except lateral plates
which is a count, and centroid size which is calculated as the square root of the sum of squared
distances of a set of landmarks from their centroid. For each sex, values in table represent
mean trait values but statistical tests (t-tests) were performed on residuals from a regression of
the trait against standard length to examine differences in size adjusted traits between fish from
site 1 and site 8. SE represents standard error. NS p>0.05, * p<0.05, ** p<0.01, ** p<0.001. %
Tests which remain significant after sequential Bonferroni correction (Sokal and Rohlf 1995).

sitel sex [N Standard Length  1st Dorsal Spine  2nd Dorsal Spine  Pelvic Spine  No. Lateral Plates
Mean SE Mean SE Mean SE Mean SE Mean SE
. t
1 Females 33| 61211 063 I 5491 0.09 5947 009 ¥ o240 013 ¥ 27848 - 019
8 - |22| 47029 156 +~ 3727 013 ° 4070 014 * 6.000 020 ** 4682 018
1 Males [%9] 53.850 0.62 t 5235 009 ng 9363 010 o 8571 011 o 27.408 019 %
8 27| 40502 070 ** 3672 012 4.063  0.08 5538 0.11 5.593 028 **
Site Sex N Eye Diameter Head Depth Head Length Snout Length Centroid Size
Mean SE Mean SE Mean SE Mean SE Mean SE
1 Females 13| 4595 0.06 NG 10292 008 ¥ 16333 017 NS 4575 0.08 NS 54720 070 #
8 22| 3.555  0.08 7457 021 * 12393 034 3.547 0.10 40748 136
1 Males |33 4528 004 . 9978 013 o 16565 019 . 5041 010 o 48102 053 %
8 27| 3587 007 6836 0.14 11.835 0.27 3.389 0.10 34945 0.61 **
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Figure 3.4. Distribution of {a) canonical scores based on morphology in Sites 1-8 for Adults
{Aprit — June 2003), (b) laterat plates in Adults {(April —June 2003) and Juveniles (July —
December 2003) and (c) genetic ancestry in Sites 1 - 8, for Adults (April — June 2003} and
Juveniles (July — Decernber 2003). Individuals with positive and negative canonical scores are
of anadromous and freshwater morphology respectively. A genetic ancestry score of 0
represents freshwater and a genetic ancestry score of 1 represents anadromous ancestry.
Lateral plate number (b} was used as one of the morphological traits in the canonical analysis
{a) and had the heaviest weighting towards canonical scores. Genetic analysis of adult
samples from Sites 5, 6, and 8 was not performed. No juveniles were collected from Site 1.
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Genetic Structure

In total, we detected three different mitochondrial haplotypes that proved to-be
completely diagnostic between anadromous fish from Site 1 and freshwater fish from
Site 8. Only haplotypes 1 and 2 were found in fish from Site 1, haplotype 2 being very
rare (the frequency at Site 1 was 2%, which over all individuals equals 0.001%),
haplotype 3 was found in 100% of fish from Site 8. None of the nuclear markers were
completely diagnostic between fish from Site 1 and Site 8. At the three nuclear intron
loci (MyoHC, bAR2 and ATP1a2), the frequency of “anadromous” alleles was 80%,
90% and 100% in Site 1, and 41%, 0%, and 77% in Site 8 respectively. Microsatellite
loci showed considerable overlap in allele size between Site 1 and Site 8, although

significant differences in allele frequency were detected at all loci (not shown).

STRUCTURE analysis of the entire data set (analysis a) revealed the most likely
number of distinct genetic clusters in the River Tyne to be two (Figure 3.5, Appendix
Tables 6 and 7). 97% of fish sampled from Site 1 were assigned to cluster 1, whilst
95% of fish sampled from site 8 were assigned to cluster 2. This, along with significant
differences in allele frequency between sites 1 and 8, is indicative that anadromous and -
freshwater fish are of distinct gene pools. Analysis of genetic structure within each of
the eight sites (analysis b) revealed the most likely number of genetic clusters to be two
in Sites 1—4, but only one in Sites 5-8 (Table 3.5). These results suggest that
anadromous and freshwater morphs exist in sympatry in each of the lower four sites.
Examination of the distribution of q in each of the sites provides further support for the
existence of bath genetically anadromous and freshwater fish in Sites 2-4 but does not

uphold the presence of genetically distinct individuals in Site 1 (see Figure 3.4c). These
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conflicting results for Site 1 might be best explained by a spurious result from the within-
site genetic cluster analysis due to the small sample size (N=90). We observed much
highér allelic diversity in anadromous fish (Appendix- Tables 2 and 3). This, coupled
with a small samble size, would reduce the power of a cluster analysis based on
multilocus genotypes. Our data indicate that anadromous and freshyvater sticklebacks
are both genetically and morphologically distinct but overlap spatially in the lower |
reaches of the River Tyne. We conclude, from this analysis that Sites 2-4 represent
sites of spatial overlap of anadromous and freshwater sticklebacks and call these

‘sympatric sites’.

-50000

K=2
-52000 -

-54000 +

Ln Pr(D|K)

-66000

-58000 -

-60000

1 2 3 4 5 6 7 8
Number of Clusters (K)
Figure 3.5. The Ln probability of there being K genetic clusters in the entire data set of 1961

individuals. Following the guidelines of Pritchard and Danelly (2000}, the most likely value of K
is interpreted 10 be the lowest value of K at the start of the plateau (in this case, K=2).
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Table 3.5. (continued next page).

more information.

Ln likelihood values of there being K=[1-3] genetic clusters
within samples collected from each of Sites 1-8, and the proportion of individuals assigned to
each of the 1-3 clusters. Following the guidelines of Pritchard, Stephens and Donelly (2001), the
most likely value of K is interpreted to be the smallest value of K at the start of the plateau. The
most likely value of K has been symbolised with * in each case. See also Appendix Table 8 for
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In addition to the spatial overlap of anadromous and freshwater sticklebacks in the river,

we observed substantial temporal overlap in breeding seasons (Figure 3.6). In Sites 2-

4, genetically freshwater females were in reproductive condition earlier than genetically

anadromous females, but the breeding season of the two morphotypes overlapped for

at least three months. We believe the core anadromous migration occurred between

April and May because we did not observe any sticklebacks in the rock pools until May.

This would afso explain the low proportion of gravid anadromous femailes in Sites 2-4 in

April. During the peak breeding period (May-June), anadromous females in Sites 2-4

greatly outnumbered freshwater females {114 anadromous females, 22 freshwater

females, data not shown). The proportion of gravid hybrid females is similar to
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freshwater females in April but noticeably declines from April through to June. In July,

we observed a large proportion of gravid females in Sites 1 and 7, but relatively few in

sympatric Sites 2-4.
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_Figure 3.6. Temporal distribution of gravid females in (a) Site 1, (b) Sites 2-4 and (c} Site 7.
Samples sizes for plots: Site 1 = 34, Sites 2-4 freshwater = 85, hybrid = 34, anadromous = 163,

Site 7 = 103,
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None of the 80% confidence interval estimates around g incorporatéd both 0 and 1,
indicating our discriminatory power was strong enough to distinguish between -
anadromous and freshwater individuals. Further, we were able to idehtify many hybrid
" individuals whose confidence interval estimates around g did not encompass the
anadromous or freshwater ends of the scale. The majority of hybrid individuals were
sampled from Sites 2-4 where they comprise 33% of the juveniles sampled in July and
August. Low frequencies of hybrids were sampled from upstream sites 5 — 8 where
they comprise between four and six percent of the population sampled. The sampling

of hybrids within sympatric sites indicates that premating isolation is not complete.

Reproductive Isolation

In Sites 2, 3 and 4, we found that the frequencies of genotypes of juvéni[es collected in
July and August did not represent those expected from a randomty mating population.
Ovér all loci, there was a significant deficit of heterozygotes compared to frequencies
expected under Hardy Weinberg Equilibrium (Table 3.6). In contrast, the frequency of
genotypes over all loci in samples of juveniles from upstream sites 7 and 8, did not
deviate significantly from those expected under Hardy Weinberg Equilibrium. We
observed consistent heterozygote deficits at the loci STN 152 and STN 26 in the
sympatric sites, but no s;ignificant deficit in the remaining 8 loci. The strong
heterozygote deficits at loci STN 152 and STN 26 appear to be causing.the observed
overall deficit of heterozygotes. Three possible scenarios can explain the observed
pattern of heterozygote deficits at some loci but not others. Firstly, weak assortative
mating may be occurring. Secondly, in a randomly mating population selection may be

acting against eggs, fry or juveniles and this may be acting on particular gene
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combinations (such as those present in individuals heterozygote at the loci STN152 and
STN 26). Thirdly, null alleles may be present in the anadromous population at the loci
 STN152 and STN 26. The null alleles may not exist in the freshwater population since
a heterozygote deficit was not observed at these loci in samples from Sites 7 and'8. At
.the locus STN26, Fis values were slightly elevated in some samples from upstream
sites 7 and 8 (Appendix Table 4), but Fs values were consistently higher in Sites 2-4,
However, a different pattern was not observed at the locus STN152, where Fis values
were found to be consistently low in samples from Site 7 and 8 but elevated in samples
from sympatric Sites 2-4 and also in Site 1 (Appendix Table 4). This pattern would be-

consistent with the presence of null alleles in the anadromous genepool.

In juveniles sampled in July and August from Sites 2-4, individuals with lanadromous_
mitochondrial haplotypes were more common than freshwater mitochondrial haplotypes
(Table 3.7). We investigated cytonuclear disequilibrium and detected significant overall
depértures from random ge‘notypic associations (p<0.b01). Tﬁe freshwater
mitochondrial haplotYpe showed strong association with the freshwater nuclear
genotype, and, similarly the anadromous m\itochondrial haplotype showed strong
association with the anadromous nuclear genotype (Table 3.7). This provides further
evidence for either assortative mating or post-mating selection against fry. In contrast,
we did not detect significant disequilibria with hybrid genotypes suggestiﬁg that the
anadromous mitochondrial haplotype is sampled in hybrids as frequently as the
freshwater mitochondrial haplotype. These data suggest that hybridisation between

anadromous and freshwater sticklebacks is not biased in either direction.
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Table 3.6. Results of HWE tests for heterozygote deficit in juveniles collected in July and
August. NS not significant, * p<0.05, ** <0.01, ***p<0.001. Shaded cells are significant after
sequential Bonferroni correction for multiple tests (Sokal and Rohlf 1995). Sites 1, 5 and 6 were
not tested because juvenile samples collected in July and August were not genotyped (see

Table 3.2).

Locus Site2 | Site3 | Sited | Site7 | Site8
ATP1a2 NS NS NS NS NS
MyoHC3 NS NS NS NS NS

bAR2 NS NS NS NS NS
STN130 NS NS NS NS NS
STN152 e s NS .
STN208 NS NS NS * NS

STN26 - N we FNS NS

STN9 NS NS NS NS NS

STN94 * NS - NS

STN96 - NS NS NS NS
Overau ' e L2l ) A : . NS

Table 3.7. Individual cytonuclear genotypic disequilibria (D* normalised disequilibria) for each
of the three nuclear genetic ancestry groups at sites 2-4 combined. In this analysis, a negative
D* represents an excess of anadromous mitochondrial haplotypes associated with a particular
genotype, and a positive value an excess of freshwater mitochondrial haplotypes associated

with a particular genotype.

* p
Mitochondrial Haplotype D value
Nuclear
Genetlc Anadromous | Freshwater Sites 2,3,4 Pooled
Ancestry (q) :
Anadromous 114 5 -0.8380 <0.0001
Hybrid 54 24 0.0902 0.4954
Freshwater g 33 0.7107 <0.0001
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DISCUSSION

Anadromous and freshwater sticklebacks in the River Tyne diﬁ.ered significantly in
morphology. Anadromous fish had more lateral plates, were larger, more robustly
shaped and females possessed longer spines than freshwater sticklebacks. These
differences are consistent with other Studies (Hagen 1967, McPhail 1994, Ziuganov
1998, Scott 2000, McKinnon 2000, 2004} and provide further support for parallel
evolution of morphological differences among freshwater sticklebacks. The significant
. genetic differences between anadromous and freshwater sticklebacks also hirrors
other studies (Hagen 1967, McKinnon 2004) but contrasts with the findings of Higuchi
et al. (1996) in their study of coexisting anadromous and freshwater fish in Lake
Harutori. They found no evidence of a heterozygote deficit in breeding adults and
concluded that these forms make up a single breeding population despite noticeéble
divergence‘in size. Genetic differences between anadromous and freshwater
sticklebacks in the River Tyne indicate that some degree of reproductive isolation
exists. Here we have presented evidence suggesting that either pr'.emating isolation
assortative mating) or early hybrid mortality (postmating isolation) contribute, at least in
part, to reproductive isclation between anadromous and freshwater stickiebacks in the
River Tyne. This is the first time reproductive isolation between sympatric anadromous

and freshwater sticklebacks in the wild has been reported.

During the breeding season, anadromous and freshwater sticklebacks overlapped
spatially for at least three kilometres in the lower reaches of the river. Hagen reported
that stream gradient limits the upstream migration of anadromous fish in the Little

Campbell River. We found a similar effect here in the sharp transition in genetic
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ancestry and morphology observed between sites 4 and 5 corresponding to the lowest
weir on the river. Below the weir anadromous fish were present at high density, but
they were completely absent above it. This suggests that the weir prevents upstream
migration by anadromous sticklebacks despite the presence of a fish ladder. The
fragmenting effect of weirs on gene flow has been reported in other river systems (e.g.
Meldgaard ef al. 2003). It is likely that this weir is contributing to premating isolation,
acting as a barrier to hybridisation betweén anadromous and freshwater sticklebacks by
limiting overlap in spatial distribution. It is likely that hybrids sampled at low frequenéy
in sites above the weir (Sites 5-8) are individuals of freshwater ancestry with rare
introgressed anadromous alleles. Within sites of overlap (Sites 2-4), we observed no
differences in habitat preferences on a large scale, since we usually caught both
morphotypes in any given trap. However, this does not preclude the possibility of
microhabitat preferences occurring on a very fine scale and we are therefore unable to
rule out the possibility that differences in microhabitat preference, particularly in the

location of breeding sites, may also contribute to premating isolation in this system.

A substantial temporal overlap in the breeding season of anadromous and freshwater
sticklebacks occurs in the months of April through to June. This differs considerably to
the one-month overlap observed in the Little Campbell River, where the anadromous
breeding season occurs later than that in the River Tyne (River Tyne: May — July, Little
Campbell River: June — September). In the River Tyne sympatric sites 2-4, a slight
temporal difference in breeding season was observed, wifh the breeding season of
freshwater fish starting and finishing earlier than that of anadromous fish. From our

mark-recaptufe data (Jones et al. in prep), we know that the resident freshwater
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sticklebacks in this river have a one-year lifespan and the decline in gravid females
between June and August follows closely the d‘ecline in population size due to adult
mortality. In contrast, we do not know if anadromous fish survive for more than one
year, therefore we are unable to rule out the possibility that the decline in adult
anadromous sticklebacks is caused by migratibn back out to sea, rather than
senescence. Even the small temporal difference in breeding season we observed may
contribute to premating isolation between anadromous and freshwater sticklebacks by
limiting the potential for hybridisation in the early and later months of the breeding

season. However, in Sites 2-4 the bulk of the fish breed in both temporal and spatial

sympatry.

Individuals of both intermediate genetic ancestry and morphology are found in
sympatric sites supporting the hypothesis that hybridisation is occurring and is relatively
common. Genetic hybrids represent 33% of juveniles sampled from sympatric Sites 2-4
in-July and August. The observed hybrid frequency is lower thén Hagen's {1967)
estimate of hybrid frequency in sympatric sites in the Little Campbell River (46%).
Differences in criteria used to define hybrids in these two studies means comparisons
must be interpreted cautiously, however, it is possible that the difference in hybrid
frequency is due to stronger reproductive isolation between anadromous and
freshwater sticklebacks in the River Tyne. We argue that mating is not random

" because we detected both a significant heterozygote deficit and significant cytonﬁclear
disequilibrium in juveniles sarr{pled in July and August, however, seleétion against
hybrid fry or eggs is an alternative explanation for these results. Although the

heterozygote deficit was not strong across all loci, when combined with the observation
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of cytonuclear disequilibrium these data provide good evidence for the existence of
reproductive isolation between anadromous and freshwater sticklebacks. This finding
conflicts directly with our previous study showing lack of assortative mating between

fish from this river conducted in out-door ponds (Chapter 2).

Many factors differed between our previous assortative mating experiment performed in
semi-natural conditions (Chapter 2), and the present study of assortative mating in the
wild (Chapter 3). Ecological conditions such as flow, water depth, substrate, and
microhabitat differed between the two studies and ecology-dependent mating may
éxp!ain the possible existence of assortative mating in the wild but not in the ponds. In
addition, the ratio of anadrorﬁous:freshwater females in the pond experiment was 1:1,
but in the field was observed to be anadromous-biased (approximately 5 :1) during the
peak breeding season. The density of wild fish in the River Tyne is also unknown and
is another factor that may affect the strength of assortative mating and thus explain the

potential conflict of the current results with the previous study.

It is difficult to ascertain the relative contributién of temporal differences in breeding
season, possible differences in microhabitat use, and assortative mate preference, 1o
the observed reproductive isolation. There is ample evidence of assortative mate
choice occurring between anadromous and freshwater morphs sampled from allopatric
populations (Hay and McPhaiI 1975, Scott 2001, McKinnon 2004} and this might be
associated With differences in male courtship behaviour (Hay and McPhail 1975).
However, Hay and McPhail (2000) found no significant association between the

frequency of male courtship behaviours and male morphotype using individuals
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collected from within two hybrid zones. Because of the large temporal overlap and lack
of large scale microhabitat segregation between the two morphs, we argue that/ if the
observed heterozygote deficit in juveniles is a result of premating isolation betV\;feen
anadromous and freshwater sticklebacks, then it is most likely explained by assortative

mating.

Early hybrid fry mortality is an alternative explanation for the observed heterozygote
deficit and presence of cytonuclear disequilibrium in juveniles. Our sample of juveniles
consisted of individuals big enough to catch in our traps (mean standard length of
jurveniles sampled in Jul — Aug: 35.53mm + 3.94 SD) and may already have been
subject to selective mortality. However, laboratory crosses of anadromous and
freshwater plate morphs have found no evidence of genetic incompatibilities and F1
hybrids and backcrosses are viable (Hagen 1967, McPhail 1994). In our previous study
of assortative mating in semi-natural conditions (Chapter 2), there was no evidence of a
deficit of fry (<10mm) from matings between anadromous and freshwater morphotypes
compared to that expected under random mating. This observation provides further
support for the lack of genetic incompatibilities in hybrid offspring, or at least, that
genetic incompatibilities during development from egg to fry <10mm are not strong.
This does not rule out the possibility of hybrid fry mortality being ecologically

dependent, and this has yet to be studied in the wild.

Our tests for cytonuclear disequilibrium in hybrids revealed no directional bias in
hybridisation events. However, in terms of absolute number, we observed many more

hybrid juveniles with anadromous mitochondrial haplotypes than freshwater
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mitochondrial haplotypes (Table 3.7). This is most likely due to the greater number of
anadromous adults in these sites (Figures 3.4a and b) but might also be a result of

higher fecundity of anadromous females (Hagen 1967, Chapter 2).

When comparing the distribution of g in adults collected from sites 2-4 to that of
juveniles collected from the same sites we observed fewer adults of intermediate -
genetic ancestry than juveniles. This may be a result of yearly differences in the (
number of hybrids produced, or alternatively may be caused by postmating isolation
(selection against hybrids}. No direct evidence currently exists for postmating isolation
in an anadromous and freshwater stickleback hybrid zone and this should be

investigated further by studying the fitness of individuals from the same cohort

throughout their life.

Several studies have identified the possibility of genetic differences between
.anadromous fish breeding in saline environments and anadromous fish breeding in
freshwater (e.g. Saimoto 1993} or early and late run anadromous sticklebacks (Hagen
1967). This is unlikely to be the case in the River Tyne because genetic cluster
analysis of all samples from all sites strongly indicate two rather than three genetic
clusters being most likely. Nevertheless, we identified two distinct genetic clusters in
our sample of individuals from the rock pools at Site 1 when tested on their own. This is
unlikely to represent two groups of genetically distinct anadromous fish since it was not
upheld in our analysis of alt samples. Furthermore, the small sample size and high
allelic diversity of fish from Site 1 precludes any specific coﬁclusions. It is possible that

lack of natal homing or high rates of straying result in genetic mixing between
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anadromous populations (but see Saimoto 1993). Little is known about natal homing

behaviour in anadromous sticklebacks and this warrants further attention.

This study offers three advantages over other studies of reprodudtive isolation in
sticklebacks. Firstly; we studied reproductive isolation in a natural population, secondly,
we were able to use genetic criteria to identify anadromous, freshwater and
hybrid/introgressed fish, and thirdly, using genetics we investigated matings between
sympatric anadromous and freshwater sticklebacks. We conclude that anadromous
and freshwater sticklebacks in the River Tyne are not completely reproductively isolated
and that hybridisation occurs often. However, we argue that either premating isolation
or early selection against hybrid fry plays a role in maintaining divergence between the
morphs. Inthe River Tyne, premating isolation may result from differences in the timing
of the anadromous and freshwater stickleback breeding season, as weli as from
differences in microhabitat preference or ecology-dependent assortative mating. This is
the first evidence of reproductive isolation between anadromous and freshwater

sticklebacks in the wild.
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ABSTRACT

Studies of selection acting on hybrids can provide a ppwerful épproach for
understanding the immediate selective pressures influencing the evolution and
maintenance of morphological differences between anadromous and freshwater
sticklebacks. In this paper, we provide the first evidence for postmating isolation in
an anadromous-freshwater stickleback hybrid zone from a field-based study. We
present clines in genes and quantitative traits across a stickleback hybrid zone
located in the River Tyne, Scotland. The position of the centre of the mitochondrial
cline was significantly further upstream than the centre of clines at nuclear loci,
consistent with historical movement of the hybrid zone or different locations of
environmentally-mediated selection gradients. We also observed a significantly
narrower cline in standard length, compared to lateral plate number (LP) and shape,
suggestive of gréater selective pressure acting on the former trait. We calculated
that the effective selection pressure (s*) required to maintain a single cline of the
observed width to be between 0.17 and 0.58. TI’-sis probably represents a maximum
estimate since the estimate of dfspersal on which it is based is likely to be inflated by
the occurrence of assortative mating and selection against hybrid fry. Using
quadratic regression we explore associations between indirect measures of fitness
and genetic ancestry (q) and LP. We found a significant association between
intermediate q and reduced probability of overwinter survival. Intermediate q was
not associated with smaller juvenile standard length or reduced probability of female
gravidity. In females, we also found intermediate LP was associated with smaller
standard length, reduced overwinter survival and reduced probability of being
gravid. Since these associations were not observed in males, our results are

suggestive of sex-biased selective pressures operating in this system. Further, the
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association between fermale fitness and LP but not q, suggests that genes
controlling LP are closely linked to fitness genes of major effect. The manifestation
of this in females and not males could be explained by pleiotropic interactions
involving the X chromosome, but might also stem from sex-biased interactions with

the environment.

INTRODUCTION

The three-spine stickleback (Gasterosteus aculeatus) is an éxcellent model
organism for studies of evolution and speciation because of its recent adaptive
radiation throughout the Northern hemisphere (McKinnon and Rundle 2002).
Genetic evidence suggests that freshwater populations of sticklebacks have arisen
from the repeated and independent invasion of freshwater habitats by marine
sticklebacks. The repeated pattern of morphological divergence is suggeétive of
parallel adaptation to alternative environments. Throughout their distribution,
morphological and genetic differences between anadromous and freshwater
sticklebacks are being maintained despite the occurrence of hybridisation in sites of
sympatry. These sympatric populations of anadromous and freshwater sticklebacks
provide opportunities to study the roles of premating and postmating isolation in the

evolution of reproductive isolation.

The extent of reproductive isolation between anadromous and freshwater
sticklebacks appears to vary. Ziuganov (1995) reports complete reproductive

isolation in plate morphs from Lake Azabachije, Russia, whilst Hagen (1_967)
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estimated hybrids represent 46% of individuals in the Little Campbell River (Canada)
hybrid zone, Canada. Within the River Tyne (Scotland) hybrid zone, we estimated
hybrids to represent approximately 39% of juveniles (Chapter 3). A number of
studies have shown that anadromous and freshwater morphs hybridise readily, in
semi-natural {Chapter 2) and under laboratory conditions (Hagen 1967, McPhail
1994), and morpps collected from sympatric sites show only weak assortative
mating behaviour (Chapter 2). However, few studies have investigated premating or
pbstmating isolation in w]ld populations (Hagen 1967, Chapter 3). A recent study of
a hybrid zone found that premating isolation is likely to play some role in divergence
between the morphs but reproductive isolation is not complete (Chapter 3).
Individuals of intermediate morphotype have been reported in many populations
(Hagen 1967, McPhail 1994), and in a previous study (Chapter 3) we found
individuals of intermediate genetic ancestry. F1 hybrids of aﬁadromous and
freshwater morphs from the Little Campbell River showed no evidence of reduced
fitness or inviability under laboratory conditions (Hagen 1967), and backcrosses are
fertile (McPhail 1994). To date, very little is known about factors affecting
postzygotic isolation or the nature of selection (if any) acting on hybrid sticklebacks
within a hybrid zone. Using a field-based approach, we set out to investigate

selection acting in a natural anadromous and freshwater stickleback hybrid zone.

Hybridisation is often believed .to ultimately result either in the fusion of two races
through introgreséion or altematively, speciation through reproductive isolation. Yet
there are many hybrid zones that appear to be stable. This stability can be
explained by a variety of models. For example, the hybrid zone may be maintained
by a dynamic equilibrium between migration of parental phenotypes into the zone

and selection against hybrids, or alternatively, by increased hybrid fitness within the
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zone compared to parental phenotypes but reduced fithess of hybrids once they
move outside the zone (Moore 1977). In hybrid zones maintained by a balance
between selection and migration, the coincidence (similarity of position) of clines in
different traits is a common feature and may result from a variety of different
processes (Butlin et al. 1991). In contrast, smooth coincident clines would not
necessarily be expected under the hybrid superiority hypothesis, because the fitness
of different hybfid phenotypes would depend on the Iocatioﬁ of different
environmental gradients (Hewitt 1988). The hybrid superiority hypothesis may be
particularly appropriate with regard to contact between anadromous and freshwater
sticklebacks (Moore 1977). In 1967, Hagen looked for evidence of hybrid inferiority
in an anadromous freshwater stickleback hybrid zone in the Little Campbell River,
Canada. He found no evidence of reduced overwinter survival within the hybrid
zone, and proposed that the sharp clines in morphology between sticklebacks must
be maintained by selection against introgressed phenotypes outside the hybrid

zZone.

Hybrid zones have many characteristics that can be studied to infer processes
contributing to the maintenance of species divergence. Stable hybrid zones result in
distinct clines in genetic and phenotypic traits. Within a hybrid zone a cline is
maintained by a balance between the influx of individuals from outside the zone and
the selective removal of recombinant genotypes through exogenous selection (due
to environmental factors), and/or by endogenous selection {selection due to genetic
incompatibilities e.g. aga_inst heterozygotes) (Szymura and Barton 1986). This can
be detected as aésociations between traits or loci (linkage disequilibria, D) and
.occasionally, as deviations from Hard_y Weinberg proportions within loci. A

heterozygote deficit (Fs) in a population, results from non-random mating or
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selection against hybrids, and changes in Fis over time within a cohort may provide
evidence of selection for or against hybrids. In the ébsence of selection, a
heterozygote deficit collapses completely after a single generation of random
mating. In contrast, linkage disequilibrium is broken down by recombination and,
therefore, decays by a factor of 1-r (recombination rate) per generation under
random mating. Linkage disequilibrium, therefore, reflects the extent to which
alleles remain togeth{er despite interbreeding and its greater persistence than
heterozygote deficit makes it a useful tool in studies of hybrid zones. A common
charabteristic of hybrlid zones maintained by dispersal-selection balance is the
coincidence of cline centres for numerous traits. This is thought to stem from
secondary contact betwéen populations that diverged in geographic isolation and
also as a result of disequilibria between genes forming a genetic t;arrier. In contrast,
if the strength or type of selection acting on traits or loci differs across the hybrid
zone, then the degree of introgression will also differ, resulting in clines of varying
width or shape. Dissimilarity in clines can be investigated by comparing parameter
estimates for cline position and shape or, alternatively, by examin'ing differences in
the magnitude and pattern of change of D across the zone. This is possible
because the magnitude of D is a function of the slope of the cline, with maximum

-values being found at the steepest part of the cline (i.e. the centre). As a result,

wider clines show weaker disequilibria {Szymura and Barton, 1986).

Another way to investigate selection in hybrid zones is to consider fitness as a
quantitative trait and examine the association between the change in relative fitness
and change in a trait (e.g. Lande and Arnold 1983). In a linear relationship, the
fitness gradient represents the slope (B3;) of a regression of the fitness measure (w)

against the trait (z):
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w = intercept + B3,z + error.

If a non-linear relationship exists, the nature of the fitness gradient can be examined
by using quadratic regression where the fitness of an individual is regressed against

the trait value (z) and it's squared term (z%):
w = intercept + Bz + B,Z° + error.

The significance and magnitude of the estimated quadratic coefficient 3, describes
the nature of the fitness selection gradient (Lande and Arncld 1983). A non-
significant quadratic term is indicative of a simple linear relationship between the
trait being investigated and fitness (w = intercept + $3,z), with individuals of
intermediate trait value showing no sign of either inferior or superior fitness
compared to those with extreme trait scores. A significant positive 3, coefficient
suggests a concave fitness relationship (U — shape) and disruptive selection, whilst
a significant negative B, coefficient suggests a convex fitness relationship (h -
shape) and hybrid superiority. Differentiation of the predicted model provides a
simple way of calculating the trait value conferring minimal or maximal fitness.
Although requiring large samples sizes, quadratic regression provides a useful
method of assessing hybrid fithess relative to individuals from parental source
populations, and has been used in many studies of fitness (see Lande and Arnold

1983, Kingsolver 2001, Endler 1995).

In the present study, we investigated the maintenance of morphological and genetic

divergence hetween anadromous and freshwater sticklebacks. We had several

96



Chapter 4 Postmating isolation in the wild

aims: 1) To look for evidence of dissimilarity in cline shape and position for both
genetic and quantitative traits. 2) To calculate the strength of effective selection, s*,
that is reduired to maintain clines of ihe,obsewed width. 3) Investigate changes in D
across the zone using D estimates calculated for both genotypic and quantitative
traits following the methods of Szymura and Barton (1 986)-and Nurnberger et al.
(1995) and ask whether differences in the estimates of D made using alternative

" traits are evidence of variation in the intensity or spatial distributioh of selection
pressures. 4) Investigate changes in the strength of heterozygote deficit (Fi) in a
cohort over time. §) Investigate associations Between fraits and individual fitness at

three different stages of ontogeny.

The linear nature of river systems lend themselves well to one-dimensional cline
analysis since migration can only occur in an upstream or downstream direction.
However, the migratory behaviour of anadromous sticklebacks adds complexity due
to changes in population composition throughout the year. Anadromous fish
spawned in freshwater and are thought to undertake marine migration at
approximately 2-3 months of age in late summer (Guderley 1994). They return to
estuarine and freshwater habitats the following spring and breed throughout the
summer. Although resident freshwater sticklebacks typically live for one year in this
system (Jones et al. in prep.), it is possible that anadromous fish spend multiple
seasons at sea or may embark on a second marine migration and participate in
more than one breeding season (Fitzgerald et al. 1994). Little is known about site
philopatry of anadromous sticklebacks, however, a single stuc,iy reports that they
return to their natal site and that site-specific homing occurs at a similar rate to those
reported in trout or salmon (Saimoto 1989). Nothing is known about the migratory

behaviour of hybrids.
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In a previous paper (Cha{pter 2), we described the distribution of lateral plate number
(LP) and genetic ancestry (q) in each of the sites across the hybrid zone. LP has
often been used in the past as an indicator of an individual’s genetic origin due to
the ease of quantification (e.g. Ziuganov 1995 , Scott 2004, Hay and McPhail 1975).
However, morphoiogical traits within a hybrid zone may not provide an accurate
reflection of an individual’s genetic ancestry, since hybridisation produces
recombinant genotypes and phenotypes, and neutral traits or genes may introgress
faster than those exposed to strong selective influences. In this paper, therefore, we
explore the correlation between LP and q within the hybrid zone and investigate the
shape of fitness gradients associated with these traits using quadratic regressibn.
Divergence in q and LP may be méintained solely by selection acting on individuals
of intermediate trait value once they move outside the hybrid zone and there is
therefore no reason to form an a priori prediction about hybrid fitness (inferiority or

superiority) within the hybrid zone.

Rapid divergenée in LP between anadromous and freshwater-resident sticklebacks
since post-glacial colonisation is likely to be a result of strong divergent selection
acting on the genes controlling plate morphology. A recent study by Bell et al.
(2004) has shown that LP adaptation can happen on an extremely rapid timescale
(e.g. 12 years) suggesting that selection pressures on this trait are intense. Thére is
some evidence that predation pressure may play a key role in selecting LP, but the
exact nature of this seiection is unclear. Lateral plates act as armour by protecting
the body from tissue damage by toothed predatdrs that may be incurred during
predator handliné and manipulation. Lateral plates may be advantagéous once

caught, due to longer manipulation time and higher probability of escape after
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capture (Reimchen 2000). The anterior plates are thought to decrease probability of
ingestibn by predators by providing a structural support link between dorsal and
pelvic spines (Reimchen 1983). This is likely to be important in populations exposed
to gape limited predators (Hoogland et al. 1957). However, there is likely to be a
metabolic cost to plate production, and laboratory studies have shown that posterior
plates may be detrimental by conferring a slower burst-swimming response (Taylor
and McPhail 1986). Reimchen (1992} suggests further that a lack of 'lateral plates
may help prevent capture by avian predators, which may be more abundant in
freshwater environments. LP is also correlated with a number of physical variables
including, climate (latitude, but see Sargent et al. (1984) where latitudinal dlines in
LP of sister species Gasterosteus wheatlandi are opposite to that of Gasterosteus
aculeatus), stream gradient and temperature (Bell 1984, Baumgartner and Bell
1984). In addition, in some popﬁlations dissolved calcium levels may be correlated
with plate and spine reduction (Giles, 1983), but this does not seem to be the case
in Icelandic populations (Eik Olandsdottir, Pers. Cohm.). To date, there has been
no study of the relative fitness of plate morphs in a stickleback hybrid zone, yet this
approach is likely to provide useful insight to the divergence of LP between

anadromous and freshwater morphs.

We investigated fitness at three different stages of ontogeny since selection
pressures acting on an individual are likely to change throughout its lifetime. Firstly,
viewing standard length as an indirect fitness measure in juveniles, we examined
the association between standard length and LP and q. Several studies have
demonstrated the utility of using standard length as a fitness measure in
sticklebacks. Body size is correlated with energy income and potential fecundity

(Wootton, 1994). Body size and lipid content at the start of winter is also correlated
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with the probability of overwinter survival in trout and salmon (e.g. Parrish et al.
2004), although standard length may not always be an accurate predictor of body
condition. If hybrid inferiority was present in the juvenile stage then we would
expect intermediate LP.and/or g to be associated Qith smaller standard length.
Conversely, if hybrid \Jigour was present in the juvenile stage then we would expect
intermediate LP and/or q to be associated with larger standard length. Secondly, we
investigated the association between over-winter survival and LP and g and, finally,
we examined if the probability of females becoming gravid was associated with LP

and q.

Our investigation of postmating isolation in sticklebacks was conducted in an
anadromous—freshwater stickleback hybrid zone in the River Tyne, East Lothian
Scofland. Our study system was located in the lower reaches of the river where
both resident freshwater and_ anadromous morphs breed sympatrically. The one-
year life-span of resident freshwater sticklebacks in this system (Jones et al. in
prep.) made it easy for us to follow the same cohort throughout ontogeny. Previous
studies suggest that assortative mating under semi-natural conditions is not strong
(Chapter 2) and that hybridisation occurs in the wild (Chapter 3). The River Tyne is
therefore a useful systeﬁ for studying the nature of selection acting in a stickleback
hybrid zone and the extent of postzygotic isolation between this anadromous and

freshwater species pair.
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MATERIALS AND METHODS

FIELD WORK AND SAMPLE COLLECTION

All work carried out in the field was performed with the assistance of Dr Culum
Brown. Sticklebacks were sampled from eight sites along the River Tyne, East
Lothian, Scotland. In order to understand changes in population structure over time,
we carried out sampling of the hybrid zone in September 2002 and then on a
monthly basis throughout 2003. Specific details of the sampling are described in
Chapter 3 (see Tablés 3.1 and 3.2). Briefly, the sites were concentrated in the fower
reaches of the river and ranged from rock pools at the mouth (site 1), sites where
both anadromous and freshwater morphs breed sympatrically (sites 2-4), and sites
consisting predominantly of freshwater morphs (sites 5-8). Fish were captured in
standard minnow traps and were fin-clipped for genetic analysis, tagged using a
site-specific visible elastomer tag, photographed, and morphological measurements
taken before being released back into the river at the site of capture. bur sampling
strategy meant that we were able to compare samples of inéividual‘s collected from
the same cohort (cohort 1) before winter (September 2002) and after winter (April —
July 2003}). In addition, we were able to sample the progeny of these individuals
(cohort 2) over the first six months of their life (July — December 2003). All samples
collected prior to April 2003 were killed using a UK Home Office Schedule 1 method
and preserved in ethanol. After April 2003, all fish were tagged and returned to the
river, enabling us to identify previously sampled individuals. During the period of our
fieldwork, over 3500 fish were tagged and photographs, morphological

measurements and fin-clips were taken from approximately 2000 of these fish.
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MORPHOLOGY

Morphological data collected in the field included tengths of the left pelvic, first, and
second dorsal spines, and lateral plate count (LP) on the left side of the body. Other
morphological data was obtained from digital analysis of photographs by recording
the x and y coordinates of eleven landmarks {concentrating around the head region
to avoid shape changes in gravid females affecting our analysis) and additionally
meésuring the length of 4 other traits inéluding standard length. Partial warp
analysis was used to extract shape variables from landmark data, and a discriminant
function analysis summarised shape differences between anadromous and

freshwater sticklebacks into a single variable (see Chapter 2 for details).

GENETICS

In the laboratory, we selectively genotyped random samples of fish collected from
the field (Table 4.1, see Chapter 3 for more details). 1961 fish were sexed
genetically and genotyped at seven microsatellite loci, 3 nuclear intron single
nucleotide polymorphisms (SNP's) and one mitochondtial locus as described in
Chapter 2. Individual genetic ancestry (q) was calculated using the program
STRUCTURE (Falush et al. 2003) to cluster individuais based on their nuclear
multilocus genctypes (see Chapter 2 for details). STRUCTURE analysis revealed
the presence of two distinct genetic clusters within our entire dataset which
correspond spatially and morphologically to anadromous and freshwater populations
(Chapter 2). Based on an individual's genotype at 10 nuclear loci, and representing
the probability of an individual having ancestry from an anadromous source
population, individual genetic ancestry cbeﬁicients (q) extracted from the

STRUCTURE analysis were used as a genetic hybrid index.
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Table 4.1. Sample sizes of fish genotyped from each site each month. Age Class A = Adult,
J = Juvenile. Distance represents location of distance of site from ocean in kilometres.

Cohort COHORT 1 [ COHORT 2
Year 2002 2003 Grand
Month Sep | Apr May Jun Jul Aug (Total, Jul Aug Sep Oct HNov Dec |Total| Site
Age class J A A J | Total
Site Distance
1 0.1 - - 34 20 16 1 KAl - - - 0 90
2 4.0 45 14 K 50 1 103 | 39 50 27 5 3 6 130 | 278
3 4.5 45 | 23 42 50 5 120 ( 32 S 50 30 13 15 | 190 | 355
4 6.5 50 | B0 45 35 7 - 137 | 22 50 50 30 30 23 | 205 ) 525
5 725 | 45 | - - - - -l o | - - 850 - - - | 50| 95
6 8.0 45 - - - - . 0 - - 50 - - - 50 95
7 9.25 45 30 36 50 39 - 185 | 11 50 44 30 30 30 195 | 473
8 19.3 - - - - - - 0 - 50 - - - - 50 50
Total 275 | 117 195 205 68 1 586 | 104 250 27t 95 76 74 | 870 | 1961

CLINE ANALYSIS

Using genotype data, we were able to construct clines in allele frequency across the
hybrid zone for the three nuclear intron loci, the mitochondrial locus, and q. Clines
for microsatellite loci were not fitted firstly, because alleles were not diagnostic
between anadromous and freshwater fish and secondly, because applying a
subjective assignment of non-diagnostic allétes to either ‘anadromous’ or
freshwater’ populations at loci with many alleles {e.g. 62 different alleles were
detected at locus STN152, Appendix Table 2) would introduce substantial error into
the cline analysis. Clines for each locus were fitted based on allele frequencies in
juvenile samples (Cohort 2) collected in September 2003. No ju\)eniles were caught
in the rock pools at site 1 in 2003 (possibly because they had already migrated out
to sea), so we used the genotype frequencies calculated from adults (Cohort 1) in
our clines under the assumption that the allele frequencies in juveniles would not

differ significantly to that of adults at this site. Because a sample of juveniles from
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Site 8 was not collected in September 2003 (see Tablé 4-.1), juveniles collected from
Site 8 in August were used instead. We used the program Analyze (Barton and
Baird, 1996) to fit maximum likelihood clines to each loci. Clines for single loci
maintained by a balance between dispersal and selection often have a sigmoidal
shape (Szymura and Barton, 1986). This is described by a tanh curve as a function

* of its width {w) and centre (c):
p = (1+ tanh[2(x-c)/w])/2)

where x represents the disfance from the centre of the cline (Szymura and Barton
1986). More complex stepped clines, where a steep change occurs in the centre of °
the cline, might be expected when several traits change simultaneously acrossrla
hybrid ione due to the associations between loci. However, due to the limited

. number of sampling sites across the hybrid zone we refrained from fitting more
complex stepped cline models since this would involve estimating four or six
parameters from a data set with only eight collection points. Because allele
frequencies at the nuclear intron loci weré not fixed at 0 and 1 at either end of the
cline, we constrained the model by setting pmin and pmax t0 tHe observed allele
frequencies at site 1 and 8 where they represent allele variation in anadromous and

freshwater populations respectively.
p =I»:)r'r\in'*'(i')rnax'pmin (1 + tanh[2(x-c)/w])/2)

Support limits for the genetic cline width and centre parameters were obtained by

determining the maximum and minimum parameter estimates 2 units below the
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maximum log likelihood, approaching an approximation of 35% confidence limits

(Edwards, 1972).

Clines in quéntitative traits were also constructed using a tanh curve, which is likely
to be a reasonable approximation for clines in quantitative traits under polygenic
control (Butlin et al. 1991). Quantitative trait clines were based on adults sampled
from the breeding season in 2003 (April — July). We used adults for these clines to
avoid complexity associated with potential differential expression of a trait in
anadromous and freshwafer juveniles during gro;Anh. The diﬁérenee in the size of
anadromous and freshwater fish is one of the major traits thought to cqntribute to
reproductive isolation in anadromous and freshwater fish (McKinnon et al. 2004).
We therefore analysed the cline of standard length in addition to clines in LP, and
~head shape, which were independent of body size. Also we initially set out to
presenf clines in traits such as spine lengths, head depth, head Ieﬁgth and eye
diameter after adjusting for size, but found significant differences in allometry
between sites for each trait. This was identified as significant differences between
sites in the slope of the regression of log(trait) against log(standard length). Itis
likely that within a site in the middle of the hybrid zone individuals also differ in
allometry making the correct adjL:stment for size very difficult. For this reason, we
present clines in the size-unadjusted traits, but the effect of differences in allometry
between sites should be kept in mind when interpreting cline parameters. Cline
parameter estimates and confidence intervals for quantitative trait clines were

calculated using the nls command in SPLUS 6.0 (Lucent Technologies Inc, 2001).

The ceincidence of cline centres was tested by fitting a cline to one trait whilst

constraining the cline centre to that of another trait. Concordance of cline width was

105



Chapter 4 : Postmating isolation in the wild

assessed in a similar manner by fitting a cline to one trait whilst constraining cline
width to that of another trait. Change in likelihood (comparisons between genetic
loci) and F-ratio tests (comparisons between quantitative traits) were used to
determine if the conétfained hodel was significantly worse than the fully

parameterised model.

LINKAGE DISEQUILIBRIUM

Linkage dlsequmbnum results from non-random associations between alleles at
different loci, and can be generated by the migration of individuals possessing co-
adaptegi gene complexes into a hybrid zone. Other factors such as epistatic
selection (selection for particular gene combinations) or assortative mating may also
play a role. Across the hybrid zone we explored both linkage disequilibrium based
on associations between alleles at different loci (D, or more specifically R) as well as
linkage disquilibrium based on associations between traits (D*, or more specifically
D). Linkage disequilibrium is dependent upon allele frequencies D = p11 — p1Q
(where p,, represents the frequency of the genotype p1Qy and- p1Q¢ represent the
frequencies of the alleles p; and g in the population respectively) and this

' relétionship constrains the value of D to being smaller in populations that are less
polymorphic. This makes comparisons 6f D between populations varying in allele
frequencies difficult. We therefore' present maximum likelihood estimates of the
standardised linkage disequilibrium (R, Szymura and Barton 1991) averaged over all
pairs of loci. This value lies between —1 and +1, but does not entirely correct for
effect of allele frequencies since the full range of R values from —1 to +1 can only be
achieved in popuiatiqns were p=0=0.5 (Lewontin 1988) . These estimates are
based on the nuclear intron SNP and mitochondrial markers and were obtained

using the program Analyse {Barton and Baird, 1996).
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Associations {or covariances) between quantitative traits are also of interest
because they reflect associations between underlying sets of quantitative trait loci,
and thus linkage disequilibrium. The calculation of linkage disequilibrium from
quantitative traits (D*, Nurnberger et al. 1995) is based on estimates of the
covariance between traits and makes several fundamental assumptions: firstly, that
the effects of genes' influencing a trait are additive, secondly, that the covariance
between traits is due entirely to covariance between the underlying allele states,
thirdly, that differences in the loci underlying the trait are fixed in parental source

populations, and fourthly that pleiotropy is absent.

Nurnberger et al. (1995) present a formal derivation of linkage disequilibrium based

on guantitative traits:
D*= (2 cov(z,2))/ (AzAZ)

where disequilibrium between traits z and ' is proportional to twice the covariance
in the traits, scaled by the differences in the traits across the hybrid zone (Az and
Az’). This relationship assumes that the loci underlying the quantitative traits are in
Hardy-Weinberg equilibrium, and therefore estimateé of D* will be inflated upwards
by non-random gametic assortment {(e.g. Fis). We do not correct for this in our
analyses and refer to estimates of D* as Dr. In a given site, all estimates of Drare
likely to be biased to the same extent thus enabling'comparisons between

estimates.
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Many quantitative tfaits change with growth and this covariance with size has-the
effect of ihflating estimates of linkage disequitibriﬁm. For these traits, it is therefore
necessary to correct fpr size before performing analysis. However, as mentioned
above, we found significant differences in allometry for all of the studied traits. We
therefore only calculated linkage disequilibrium in traits not affected by growth (LP, |
shape, stanaard length, and q). Tfait scores were mean-centred within each site to
avoid differences in the magnitude of the trait across the hybrid zone affecting the

estimated covariance.

DISPERSAL ESTIMATES AND STRENGTH OF EFFECTIVE SELECTION

In a cline maintained by a balance between selection and migration, it is possible to
calculate the effective selection pressure (s*) that would be required to maintgin a
cline of the observed width; s* = 8(co/w)® (Szymura and Barton 1986), providing an
estimate of dispersal is available and assuming the balance between selection and
migration has reached equilibrium. This selection coefficient is a measure of
selective pressure against heterozygotes relative to other genotypes in the
'population (and is equivalent to 1- w, where w is fitness of a particular genotype})
and therefore ranges from 0 — 1. Estimates of dispersal per generation can be
obtained from mark-reéapture field data, or can be inferred in two ways from genetic
data. Firstly, it can be estimated from the slope of the relationship between pair-
wise population genetic distance (Fsr) and geographic distance, using populations
outside the hybrid zone. Secondly, dispersal can be inferred from the relationship
between cline width and linkage disequilibrium. Linkage disequilibrium will be
greatest in the centre of the zone and will be proportional to the dispersal rate and
the gradients of the clines (width is defined as 1/estimated gradient, Szymura and

Barton 1986). Assuming that the observed linkage disequilibrium is primarily due to
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migration rather than selection, it ié possible to estimate the dispersal rate (0)
required to maintain the observed disequilibrium using the equation: ¢ = wY(R*r/4)
(Szymura and Barton 1986) where w is‘the estimated cline width, R is the
standardised linkage disequilibrium coefficient and r the recombination rate (0.5
assuming loci are unlinked). We are limited in the number of populations sampled
outside the hybrid zone, and therefore calculat‘e estimates of dispersal based on the
maximum observed linkage disequilibrium (R) in the centre of the hybrid zone. We
discuss this dispersal estimate in the context of a mark-recapture study carried out
in the field (Jones ef al. in prep), and use it to estimate the effective selection |

pressure acting against hybrids in this system.

ANALYSIS OF HETEROZYGOTE DEFICIT

The inference of selection acting against hybrids does not distinguish between
selection occurring within the hybrid zone and selection acting on hybrids once they
move out of the hybrid zone. We investigated hybrid fitness further by exploring
changes in Fig over time, and fitness gradients associated with particular traits. Ina
previous paper we reported a heterozygote deficit (Fis) in juveniles collected from
sites 2-4 (where hybridisaﬁon occurs; Chapter 3). Here, we investigate changes in
F\s over the course of 6 months in order to determine the fate of recombinant
juveniles within the hybrid zone. We used the program FSTAT (v2.9.3.2, Goudet
2002) to investigate deviatidns from Hardy Weinberg equilibrium within samples,
across all nuclear loci. If selection against hybrids occurs within the hybrid zone, we
would expect to see an increase in heterozygote deficit in a cohort over time.
Alternatively, if hybrid vigour exists in the hybrid zone, we would expect to see a
decrease in heterozygote deficit over time. Fis was calculated for each monthly

sample collected from sites within the hybrid zone (sites 2-4) and from a freshwater
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site (site 7). We then performed two statistical tests to examine changes in Fis
within & cohort. Firstly, we investigated the change in F\s over winter using cohort 1,
by comparing Fis estimates of juveniles from sites 2-4 in September 2002 (N=3) to
that of adults in sites 2-4 in April — July 2003 (N=9). The significance of this test
was determined by permutation, where the observed difference between the two
groups was compared to the difference between two groups consisting of randomly
assigned samples. Thé p-value for this test represents the proportion of randomised
data sets giving larger differences than observed. Secondly, we investigated the
change in Fis in juveniles before Winter using cohort 2. in this analysis, we pooled
samples from site 2 in the months of October — December because of small sample
sizes. We performed two separate linear regréssions of Fis estimates against the
date of sample collection (;)ne based on Fi5 in samples from Sites 2-4 and, as a
control, one based on samples from Site 7). The change in Fig over time is likely to
be complicated by the migration of anadromous juveniles out to sea and we interpret

our results in the context of changes in the distribution of q over time.

ANALYSES OF FITNESS

Initially, we set out to investigate associations between several quantitative traits
and indirect fitness measures. However, differences in allometry between sites in
growth relatedrtraits made correcting for size before analysing fitness associations
difficult (pérticularly within the hybrid zone where the growth allometry of an
individual is likely to depend on its Qenetic ancestry). Instead we concéntrated on
two traits which are independent of growth: LP and q. We started by investigating
the relationship between our genetic measure of hybrid status (q) and the
quantitative trait LP in sites located within the hybrid zone (sites 2-4). Although we

found the correlation between g and LP to be good (see results) it is apparent that
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these two traits contain independent variation which warrants the inclusion of LP
and g as independent explanatory variables in our fithess models. Our
interpretations of the presence of hybrid inferiority/superiority are based on the
results of quadfatic regressions. In using a quadratic to describe a no.n-linear
relationship we make particular assumptions about the shape of that relationship.
Quadratic functions are symmetrical about the point of inflection, but we have no
reason to assume that the fitness gradient we observe is symmetrical. A fitness
surface might be bumpy, and in this regard, loess regression has advantages over
quadratic regression because it makes no assumptions about the overall nature of
the gradient. Further, the significance of a quadratic term does not automatically
imply that the maximai or minimal fitness lies within the range of data being tested.
Differentiation must be performed to determine this. The advantage of using a
quadratic regression approach is that additional terms and interactions can be fitted

and interpreted with ease.

Fitness Models

We used pooled individuals from sites 2-4 to explore the association between three
different indirect measures of fitness and LP and q. We tested for the presence of
non-linear associations of LP and q with the ﬁthess traits by including the quadratic

terms LP? and q? in each model.

I. Juvenile Standard Length:
We examined whether standard length of individuals was associated with LP and q

in juveniles collected from July — December 2003 (Cohort 2). To remove the effects
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of growth over time, we initially calculated individual growth residuals from a non-

linear regression with an asymptotic curve
Standard Length= a-b*et'®%

where e represents the constant 2.718 (the natural log of 2.718 = 1), the parameter
a defines the asymptote, and b and c influence the gradient. Residuals from this
growth curve represent the size of an individual in a given month relative to the
population growth curve. Individuals of large standard length in a given monlth will
have positive residual score, whilst individuals of small standard length in a given
month will have negative residual score. Although juvenile standard length was
adjusted in this fashion, the resulting growth residuals nevertheless reflect a given
juvenile’s standard length and we continue to refer to this indirect measure of fitness
as juvenile standard length throughdut the rest 6f this chapter. We then investigated
the amount of variation in growth residuals explained by a linear model (ANCOVA)
with g, LP and their quadratic terms g%, LP?. In addition, sex and day were added as

a factor and covariate respectively.

Il. Overwinter survival:

We examfned the distributions of both LP and q in juveniles and adults collected
from cohort 1 (September 2002, April-July 2003). If selection against individuals of
intermediate LP or q occurred over winter we would expect to find fewer
intermediate aduits than juveniles. Conversely, if individuals of intermediate trait
value were more likely to survive winter than individuals of extreme trait value we
would ex'pect a higher proportion in the adult sample. In order to test our

hypotheses, we treated juvenile/adult status as a binary response variable in a
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generalised logistic linear model with Sex, q, g%, LP and LP? as independent
variables. Since the number of adults sampled was greater than the number of
juveniles sampled and the y-intercept is dependent upon sampling regime, the y
intercept of the fitted modél cannot be interpreted directly. The slope estimates from
this model, however, are unbiased and can be used to test hypotheses that a
particular LP or q is associated with a higher probability of reaching adult status
because they represent the relative survival rates bf different individuals with various
trait scores. By including the quadratic terms for g and LP, we were able to test for
a significant non-Iineaf relationship between these traité and the probability of

overwinter survival.

Ill. Female Gravidity:

We examined whether reproductive status of females, who have a!ready survived to
adulthood, was associated with LP and q. We used a binary generalised linear
model with gravid status as the response variable and date, standard length, LP,
LP?, q, and g° as independent variables. Adult females collected from April to July

2003 (Cohort 1) were used in this analysis.

_ Statistical analyses mentioned in the above three rﬁeasures of fitness were carried
out usihg the.non-linear, least squares regression, linear model or generalised linear
model functions in S-PLUS (v6.0, Lucent Technologies Incorporated, 200i). Models
were minimised by sequential removal of higher order interactions that did not
explain significant amounts of the variation using F-tests (juvenile standard length

model) or Chi-tests (overwinter and female gravidity model).
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RESULTS

CLINE ANALYSIS

The fitted clines for nuclear intron Ibci, g, and the mitochondrial locus Cytb are
shown in Figure 4.1. There is a large degree of scatter around the fitted clines for
the bAR2 and MyoHC loci. This, combined with the relatively small change in allele
frequencies from sités 1 10 8, resulted in low confidence in the estimated cline

widths and centres for these loci.
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Figure 4.1. Clines in allele frequency across the hybrid zone from site 1 (Distance = 0 km)
to site 8 (Distance = 19.3 km) for Cytb and q (a) and ATP1a2, MyoHC, and bAR2 (b). Fitted
clines represent cline centre and width under the most likely sigmoidal model. Points
represent mean allele frequency or g value at each site.

Quantitative trait clines are shown in Figure 4.2. We observed a gradual change in
trait scores from sites 1-5, while the upstream sites (from site 5 — 8) showed similar
mean trait scores. Although the limited number of sampling sites across the hybrid

zone prevented fitting more complex clines to these data, visual inspection of the
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clines reveals a sharp change in traits and allele frequencies between sites 4 and 5
that coincides with the presence of the lowest weir in the River Tyne. Itis likely that

this weir acts as a strong physical barrier to individual migration upstream.

We found a lack of coincidence iﬁ several pair-wise comparisons between cline
centres (Figure 4.3). The centre of the Cytb cline (6.63km) was located significa;nly
fuﬁher upstream than both the centré of the cline in q (4.73km, F1 =49.583,
p=0.0004), and the average centre position of the three nuclear intron loci (4.88,
F1=43.099, p=0.0005). The centre of the MyoHC intron cline (5.94km) also differed
significantly from the aVerage centre of the two other intron loci (4.32km, F,=7.203,
p=0.036) but did not differ significantly from the position of the centre of g (4.73km,
Fi= 4.558, p=0.077). Analysis of position of clines in quantitative traits revealed the
centre of the cline in standard length (6.55km) was Ioc:elted significantly further
upstream than the average location of clines in shape and LP (5.35km, F1=16.694,7
p=0.0065). We observed an upstream displacement in the position of the centre of

the cline for the 2" dorsal spine relative to the pelvic and 1% dorsal spine, however,

this difference was only marginally significant (F1=5.721, p=0.0539).
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Figure 4.2. Fitted clines in quantitative traits across the hybrid zone from sites 1 (Distance =
Okm) to Site 8§ (Distance = 19.3km). Points represent mean trait score at each site.
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We found no significant difference between the width of the bAR2 cline (1.42km)
and the average width of clines of other genetic loci (5.87km, F1=1.163, p=0.322).
Constraining the minimum and maximum values of the bAR2 cline to the observed
allele frequencies in sites 1 and 8 resulted in a noticeably poor fit for allele
frequencies at site 7 (Figure 4.1). The resulting estimate of cline width for this locus
{(1.42km) is much narrower than that observed at other loci (5.87km) despite the
absolute difference in allele frequency in sites 1 and 8 being small. If a cline is fitted
to the same data allowing pmin and prax to vary, the resulting width estimate is
'4.87km. This is more similar to the estimates of cline width at the other loci but has
large confidence intervals (0.300-14.24, 95% confidence intervals). The substantial
overlap in 95% confidence intervals of clines width estimates for other genetic clines
precluded the need to test for significant differences in cIinc;, width. The width of the

cline in standard length (0.81km) was significantly narrower than the average width

of the clines in plate number and shape (4.37km, F=10.773, p=0.0168).

We refrain from making comparisons between the position and width of genetic and
guantitative trait clines because these clines were based on data collected from
different individuals. At present, we lack genetic data on adults from sites 5 and 6

making estimates of genetic cline shape and width based on adults unreliable.
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Figure 4.3. Estimated location of cline centre and cline width for genetic loci (solid squares),
and quantitative traits (circles). Support limits represent two unit maximum likelihood limits
{approximating 95% confidence intervals). Clines in quantitative traits were based on data
collected from adults whilst genetic clines are based on data from juveniles.

LINKAGE DISEQUILIBRIUM

We detected significant standardised linkage disequilibrium (R) between loci in
juveniles collected from sites 2 — 4 in September 2003 (Figure 4.4). The magnitude
of linkage disequilibrium we observed is relatively high (maximum R value was in
Site 3 = 0.313, 95% confidence intervals: 0.175-0.366) compared to estimates in
other hybrid zones (e.g. R=0.129 (0.1 19-0.139) in Bombina, Szymura and Barton
1986). Examination of the distribution of q within these sites confirms that the high

linkage disequilibrium observed was a result of individuals with extreme ancestry
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scores. Inthis respect, the hybrid zone between anadromous and freshwater
sticklebacks is highly bimodal. Estimates of linkage disequilibrium between
quantitative traits (DE) were also elevated in sites 2 — 4 (Figure 4.5), with highest
estimates in ferﬁales consistently found in site 4. In contrast, the gre;':ltest estimates
of linkage disequilibrium between guantitative traits in males varied between sites 2
and 4. In a manner similar to the genetic estimates of linkage disequilibrium, the
maximum values of our estimates of Dr within the hybrid zone are also high

compared to those estimated in Bombina hybrid zone (Kruuk 1997, Sands 2005).
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Figure 4.4. Standardised linkage disequilibrium across the hybrid zone from site 1 (distance
= Okm) to Site 8 (distance = 19.3km). Two unit maximum likelihcod support limits are
approximately equivalent to 95% confidence intervals.
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Figure 4.5. Estimates of linkage disequilibrium (Dg) between quantitative traits (specified in
parentheses) across the hybrid zone. White circles represent females, solid circles
represent males. Site 1 (distance = Okm), Site 8 {distance = 19.3km).
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- ESTIMATES OF DISPERSAL AND STRENGTH OF EFFECTIVE SELECTION
The estimate of the dispersal rate per generation (o) we obtained from the maximum

observed linkage disequilibrium within the hybrid zone (R, Site 3 = 0.313) was

-1/2 (

0.90km x gen’ — 1.57km x gen™?)

1.21km x gen . Due to the low confidence
we Have in the estimated cline widths for bAR2 and MyoHC, and the lack of fixed
differences in allele frequency at either end of the cline at these two loci, our
calculation of ¢ was based on average cline width of the loci ATP1a2 and Cytb
{6.11km) and the widest of their support limits {(4.57km — 7.95km}. Owing to the
specific assumptions made here, and those general to this approach (mentioned
above, see Methods) this estimate of dispersal rate per generation should be treated
with caution. Our mark-recapture field methodology enables us, to some degree, to
resolve the reliability of this dispersal estimate. During the period of April -
December 2003, we tagged and released individuals on a monthly basis from each
of the eight sites across the hybrid.zone to determine the extent of within-stream
movement (Jones et al. in prep). Of the 3,500 individuals we tagged, approximgteiy
10% were recaptured, but' only 1 of these individuals moved between sites (site 2 to
site 3; a distance of 0.5km). Put into context, a movement from site 2 —3 represents
the shortest distance b'et_ween any of our sampling sites, but at tﬁat time (September
2003) the population size of fish in Site 2 was the also Ioweét of all riverine collection
points (estimated at 2,200 fish at Site 2). A single recording of a fish moving
between these sites corresponds to a minimum crude estimate of 100 fish based on
tagged/untagged ratios. This stretch of river becomes a single homogenous pool at
high tide, thus further facilitating movements between these sites. Our field estimate
of dispersal has two limitations. Firstly, we only tagged individuals greater than

25mm standard length due to the mesh size of our traps and, therefore, could not

detect dispersal of juveniles smaller than this size. Secondly, sudden dispersal
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events triggered by environmental conditions (e.g. anadromous migration out to sea
or into freshwater) may have fallen between our sampling periods. Therefore, our
field observations probably underestimate the amount of dispersal that occurs in this
system. In contrast, the estimate of dispersal based on linkage disequilibrium is
likely to be inflated due to assortative mating and/or selection against hybrid fry.
Therefore, the true Iével of dispersal probably lies somewhere between these two
estimates. On this basis we believe the estimate of dispersal based in linkage
disequilibrium is not unreasonable. Using our estimate of dispersal, we calculated
the effective selection pressure (s*) to fall between 0.173 and 0.578. This indicates
that fairly strong selection against hybrids'would be required to maintain a cline of
the width observed assuming the hybrid zone was a single locus system. Our
confidence in the s* estimate is subject to the reliability of the dispersal estimate and
additional assumptions (mentioned above — see methods) and should be interpreted

with care.

ANALYSIS OF HETEROZYGOTE DEFICIT

Fis values estimated for samples from sites 2-4 from cohort 1 were significantly
larger than zero in all cases, except for juveniles collected from site 3. In no case
did the estimate§ of Fis for samples collected from site 7 differ significantly from
zero. We found a marginally significant increase in Fig over winter in cohort 1
(difference in average F s before and after winter = 0.058, p value = 0.063, Figure
4.8), although our power to detect this was low due to the small number of samples.
in contrast, Fis values in juveniles from cohort 2 showed a significant decline from
July thtough to December 2003. The slope estimate from a regression of Fig in sites
2-4 against time was significantly less than zero (slope = -4.12x10%, = 1.46x10™ SE,

p=0.014) and did not differ significantly between the three sites (F510=0.226,
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p=0.8019). Fs values in site 7 did not change significantly with time (2.36x10, =

2.16x10™ SE, p=0.340).
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Figure 4.6. Estimated Fs values for samples collected from cohorts 1 and 2. The line
represents the change in Fis over time in samples from sites 2-4 (p=0.014). The change in
Fis over time in samples from site 7 was not significant,

Temporal changes in Fig are likely to be affected in part by the migration of
anadromous juveniles out to sea. Examination of the distribution of q in individuals
from cohort 2 in sites 2-4 revealed a sharp decline in the frequency of anadromous
juveniles from August to September 2003 (Figurel4.7b) and a rﬁore gradual decline
in the frequency of both anadromous and freshwater juveniles from September to
December. In contrast, individuals of intermediate q remain at low frequency from
July to December. Consistent with the observed ir;crease in heterozy;;ote deficit in

cohort 1, we observed a decrease in individuals of intermediate q over winter

(Figure 4.7a).
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FITNESS ANALYSES

We found a good correlation between q and LP within the hybrid zone (R? = 0.369,

Figure 4.8), but independent variation in each trait is apparent. By including both g

and LP as explanatory variables in the same models, we were able to assess the

association between each of these traits and fithess independently.
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Figure 4.8. The relationship between the number of lateral plates (LP) and genetic ancestry
coefficient (q) in juveniles from sites 2-4 (R% = 0.369). Axes are labelled with freshwater

(FW) and anadromous {ANAD) extremes.

Juvenile standard length:

We found significant associations between juvenile standard length and both g, and

LP and both these terms interacted significantly with other variables in the model.

The LP? term explained a significant amount of variation (F;51,=5.063, p=0.007), but

the. ¢ term did not (F50=0.907, p=0.404) and was therefore removed.
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The estimated coefficient for q was significantly less than zero (estimated coefficient
-13.99 + 2.70, Fq 508 = 56.23, p<0.001, Table 4.2), indicating that juveniles with
freshwater ancestry were larger than individuals with anadromous ancestry. This is
most likely caused by the earlier commencement of the freshwater breeding season
(Chapter 3). The g term interacted significantly with day (e‘stiméted coefficient 0.037
+ 0.010 SE, F, 505 = 13.29, p<0.001) revealing that the difference in standard length
between freshwater and anadromous juveniles diminishes later in the year. A post
hoc test revealed no relationship between g and standard length in juveniles
sampled in the months of October — Decembef (Fy 152=0.220, p=0.640) indicating

that the asymptote point of pre-winter growth in these fish does not vary with q.

We detectéd a significant interaction between LP? and sex (Table 4.2, Figure 4.9).
Females had a significantly positive LP? coefficient (0.012, = 0.605 SE, p=0.006),
indicating an association between individuals of intermediate plate number and
small standard length (Figure 4.9a). The male LP? coefficient was significantly
different to that for females (difference = -0.0189, £ 0.0065 SE, tsps=-2.9115, p =
0.0038) but not significantly different from zero (post hoc test: slope = -0.0056, +
0‘.0050 SE, tsee=-1.1186, p=0.2644, Figure 4.9b). The significance of the quadratic
term in females, but not in males, was also apparent in quadratic models performed
on each sex separétely (not shown). We used differentiation of the calculated
coefficients to determine if the quadratic minima in females fell within the range of
our data. In females, the minimum occurred when the number of plates was equal

to 13.907, roughly mid-way in the plate number range (min 3, max 29).

126



Chapter 4 Postmating isolation in the wild

Table 4.2. ANOVA Table for thé minimised linear model of juvenile standard length in cohort
2 (N=517).

Estimated

Term +- Standard F ratio Df P
Coefficient Error value
Intercept 11.30 2.06
Sex -3.83 1.29 1.56 1 0.213
Day -0.03 0.01 1.20 . 1 0.273
q -13,99 2,70 56.24 1 <0.001 ***
LP -0.34 0.15 7.39 1 0.007 **
2
LP 0.01 0.00 1.00 1 0.318
q*Day 0.04 0.01 13.29 1 <0.001 ***
Sex*LP 0.63 0.21 0.24 1 0.624
Sex*LP? -0.02 0.01 8.48 1 0.004 "
Residual Mean S5 13.28 508
Proportion of Variation explained by model: 16.18%
@) Females (b} Males
5 5% 5
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Figure 4.9. The predicted relationship between juvenile standard length and lateral plate
number (LP) in females (a) and males (b). LP axis is labelled with freshwater (FW) and
anadromous (ANAD) extremes.
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Overwinter survival;

We found a significant quadratic association between overwinter survival and q and
a marginally significant quadratic association with LP {Table 4.3). The estimated
coefficient for the g term was significantly greater than zero (g2 coefficient = 10.758,
+ 1.546 SE, t=-6.962, p<0.000). Individuals of intermediate q were less likely to ’
reach adulthood than those of more extreme q scores (q minima determined from
differentiation of coefficients = 0.455). We also found a marginally significant LP
effect and an interaction between Sex and LP? (Table 4.3). The estimated LP?
coefficient in females was larger than méles {difference =-0.008, + 0.005 SE, tsg=-
1.815, p = 0.070). The LP? coefficient estimated for females was significantly larger
than zero (0.0086, + 0.004 SE, t43,=1.682, one tailed p:0.047), but was no'lt
significantly different from zero for males (post hoc test coefficient = 0.003, = 0.004
SE, t=0.787, two tailed p=0.432). The minima of the quadratic LP function for
females coincided with a value of 12.5 plates, suggesting an association between
reduced probability of overwinter survival and intermediate plate number in females.
A surface plot of predicted values from the model shows that females with the
lowest likelihood of reaching adulthood are those of intermediate LP and
intermediate q (Figure 4.10). In comparison, the survivorship of males was

influenced by q but not LP.
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Table 4.3. ANOVA Table 4.for the minimised generalised linear binary model of overwinter
survival in cohort 1 (N=490).

Estimated
Term H-Standard £ o4 Df P

Coefficient Error value
Intercept 1.49 0.58
Sex -0.96 . 0.81 0.01 1 0.930
q -9.79 157 3.43 1 0.065
q° 10.76 1.55 45.44 1 <0.001 ***
LP -0.15 0.11 3.64 1 0.057
LP2 0.01 0.00 0.31 1 0.578
Sex*LP 0.25 0.15 1.00 1 0.318
Sex‘LP2 -0.01 0.00 3.23 1 0.073
Residual Mean SS 1.02 482
Proportion of deviance explained by model: 16.28%
Probability Probability *
of over of over
winter winter
survival ; survival

ANAD ANAD
\ / ANAD
LP " mw q LP
(a) (b)
Females Males

Figure 4.10. Association between overwinter survival and LP and g in females (a) and
males (b) from cohort 1. Predicted surface plots from generalised linear logistic model.
Axes are labelled with freshwater (FW) and anadromous (ANAD) extremes.
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Female gravidity:

We found no main effect of LP, q, day or standard length on the probability of an
adult female being gravid (Table 4.4). The g term did not significantly improve the
fit of the female reproductive fithess model {change in deviance = -2.025, 2df,
p=0.363) and was removed, whilst the LP? term did (LP? change in deviance=6.891,
2df, p=0.032). We found significant two-way interactions between standard length
and day, q and day, and LP?and standard length (Table 4.4). Large females were
more likely to be gravid earlier in the breeding season whilst small females were
more likely to be gravid later in the breeding season. Earh:( in the breeding seasdn g
showed little association with the probability of. a female being gravid. This is
different later in the breeding season, when anadromous individuals were more
likely to be gravid. LP was associated with the probability of an individuél being
gravid but this association changes depending on the size of the fish. In small fish,”
all LP morphs are edually likely to be gravid, but in large fish individuals of

intermediate LP are less likely to be gravid than individuals of low or h.igh LP (Figure

4.11),
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Table 4.4. ANOVA Table 4.for the minimised generalised linear binary model of female
gravidity (N=188).

Term Estimated  +/. Standard F ratio Df F

Coefficient Error value
Intercept -53.34 14.26
Day 3.08 1.26 117 1 0.280
Std Length -0.10 0.04 0.02 1 0.885
q -20.70 5.44 0.02 1 0.882
LP 0.40 0.12 0.10 1 0.747
LP? 117 0.29 0.00 1 0.965
q‘Day -0.05 0.02 15.26 1 <0.001***
Std Length*Day 0.00 0.00 13.05 1 <0.001***
Std Length*LP -0.01 0.00 0.04 1 0.843
Std Length*"LP” 0.21 0.05 6.14 1 0.014*
Residual Error 0.99074 178
Proportion of deviance explained by model: 11.03%

1.00 ——

0.76

Pr(Gravid)
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Figure 4.11. The quadratic relationship between LP and the probability of a female being
gravid is dependent upon standard length. The predicted relationship is depicted here for
three different standard lengths (mm). LP axis is labelled with freshwater (FW) and
anadromous (ANAD) extremes.
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DISCUSSION

The contact zone between anadromous and freshwater sticklebacks in the River
Tyne is characterised by clines in allele frequencies and quantitative traits. Despite
all nuclear markers being positioned in non-coding regions, we observed differences
in the extent of differentiation of allele frequencies between anadromous and
freshwater sticklebacks. At the ATP1a2 locus we found almost fixed differences in
alleles between the two source populations whilst allele frequencies at the MyoHC
and bAR2 loci differed by approximately 40 and 20 percent respectively. These |
differences ‘between loci may be explained by neutral genetic drift or alternatively, by
differences in the extent of linkage to genes under selective pressure. in other fish
species (e.g. Zebra fish Danio rerio, and Atlantic salmon Salmo salar) the ATP1a2
gene codes for a Na+/K+ ATPase which in known to play a role in ion regulation in
the cell (Shu et al. 2003). It is likely that this gene is under stronger divergent

selective pressure than the MyoHC gene and bAR2 gene in anadromous and

freshwater sticklebacks due to difference in the salinity of the habitats they occupy.

We observed fixed differences in haplotype frequencies at the mitochondrial Cytb
locus and a significant upstream displacement in the centre of the mtDNA Cytb cline
compared to those of nuclear markers. Previous studies of hybrid zones have also
found displacement of mtDNA clines from the location of clines in nuclear genes
(Ferris et al. 1983, Marchant 1988, Marshall et al. 2001) and this phenomenon often
occurs in narrow hybrid zones (Harrison 1990). The upstream displacement of the
mtDNA Cytb cline might be an indication of the historical location of cline, or, in an
environmentally determined hybrid zone, a result of differences in the location of

environmental gradients determining fitness. In our system, it may be linked to the
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building of the weir above site four in the early 19" century, or historical changes in

the position of a salinity gradient.

Variation in cline width is characteristic of hybrid zone models that invoke
environmentally-determined selection pressures or selection against hybrids (Hewitt
1988). We found the cline in standard length to be significantly narrower than the
clines in LP and shape. Lack of concordance in width (or shape) might be caused
by differences in the number of loci underlying traits, the genetic determination of
traits (e.g. additive or dominant), and the degree of linkage to other selected loci. A
narrower cline would be expected in a quantitative trait cdﬁtrolled by fewer loci.
Conéistént with this idea, in a QTL map based on a cross between anadromous and
freshwater sticklebacks, Colosimo ef al. (2004) found a significant association
between standard length and a single QTL, and an association of LP with a single
QTL of major effect and 4 QTLs of minor effect. It is also plausible that standard
length is under greater direct selective pressure than LP in this system. McKinnon
et al. (2004) found a strong association between body size and assortative mate
preference in anadromous and freshwater sticklebacks and argued that assortative
mating based on size explains more variation in mate compatibility than assortative
mating based on LP. We found only weak evidence for size-assortative mating
betweén anadromous and freshwater sticklebacks from the River Tyne (Chapter 2),

but it is possible that this may be stronger in the wild (Chapter 3).

We observed significant linkage disequilibrium and heterozygote deficit within the
hybrid zone. Linkage disequilibrium appears to be generated by the presence of
individuals of parental genotypes in the zone (as is evident in Figure 4.7). In this

sense, the hybrid zone is bimodal (Jiggins and Mallett 2001) with bimodality being
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strongest in samples of juveniles approximately 2-3 months old and in breeding
adults. Continued immigration can generate sustained cytonuclear disequilibrium
even in the absence of assortative mating (Arnold et al. 1988). In a previous paper
{Chapter 3), we inferrgd that the observed heterozygote deficit in juveniles might be
o an indication of assortative mating in the wild. However, the lack of significant
heterozygote deficit at some of the joci could equally be interpreted as evidence for
postzygotic selection against hybrids at the early fry stage. We estirﬁated that an
effective selection pressure against heterozygotes of between 17% and 58% would
be required to maintain the observed genetic cline width between anadromous and
freshwater sticklebacks in the River Tyne. In our view, the assumption that D is due
entirely to migration is the weakest point in our analysis. Thus, our estimate of an
effective selection pressure may be an overestimate and should be treated with

caution.

Does selection against hybrids occur inside or outside the hybrid zone? In a hybrid
zone maintained by environmental gradients, parental genotypes may show lower
fitness compared to hybrids due to the intermediacy of the environment {Moore
1977). It could be argued that the decline in heterozygote deficit over time provides
evidence for hybrid superiority in juvenilés within the hybrid zone. This trend might
be due, in part, to an increase in the relative number of hybrids within the zone

" corresponding to the migration of anadromous juveniles out to sea. The noticeable
decline in juveniles with anadromous q betWeen August and September is
consistent with other studies that have reported anadromous migrations occurring at
2-3 months of age (Bell and Foster, 1994). However, we also observe a decrease
in the frequency of freshwater juveniles in our samples. What is the cause (_)f this

decline? We propose two possible explanations. The decline in the frequency of
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juveniles with freshwater ancestry might be a direct result of mortality. This
hypothesis implies hybrid superiority and requires a fresh influx of freshwater
individuals into the hybrid zone for the next breeding season to restore the
distribution of ¢ to the bimodality observed in adults. Alternatively, the observed
decline in freshwater juvenites might result from a switch in behaviour due to winter
conditions. At the onset of winter, fish in cold climates enter torpor characterised by
reduced activity levels (e.g. smelt Osmerus sperlamus, Vinni et al. 2005, Atlantic
salmon Salmo salar, Harwood et al. 2002) and in some species switch to nocturnal
behaviour (e.g. Salmo salar, Harwood et al. 2002,'Hiscock et al. 2002). Hiscock et
al. (2002) suggest that individual variation in activity patterns of juvenile Atlantic
salmon (Salmo salar) during winter are, in part, driven by body size. Smaller fish
forage‘more, presumably to decrease the risk of starvation. Increased activity
during winter has been shown to reduce the probability of survival primarily due to
the poor trade-off between low prey availability and energetic costs of foraging
(Metcalfe et al. 1999). If such changes in behaviour are under genetic control then it
is possible that hybrid individuals do not switch behaviour and are sampled more
frequently in our traps during the winter months, This hypothesis implies hybrid

inferiority.

We favour the latter hypothesis for several rea;soqs: Firstly, in this rivér, our mark-
recapture study (Jones et al. in prep) revealed high site philopatry in sticklebacks,
and whilst the migration of large numbers of anadromous fish into the hybrid zone to
breed can be expected, the migration of equally large numbers of freshwéter fish
seems implausible. Secondly, we have evidence of reduced fitness of recombinant
juvenile phenotypes. Juvenile females of intermediate LP had smaller standard

length than females of extreme LP score. Thirdly, if selection did not occur against
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hybrids within the hybrid zone, then we must infer that it acts against hybrids outside
the hybrid zone. This is plausible if hybrid juveniles adopt an anadromous migration
strgtegy_since the ocean environment differs significantly from the hybrid zone
environment and recombinant phenotypes may be less fit in many ways. [f, on the
other hand, hybrids adopt a freshwater lifestyle, their movement upstream to
freshwater locations is likely to be prevented by the existence of the weir
immediately above site four. Therefore, for selection against hybrids to operate
solely outside the hybrid zone, we argue that all hybrid individuals would need to

undertake an anadromous migration — and this is unlikely.

Our fitness models take us some way towards understanding the nature of selection
operating in this system. We found that there is independent variation in LP and g
and this variation is likely to result from the genetic determination of LP. In two
indepenldent QTL analyses of LP, the same single, major QTL locus was identified
(Colosimo et al. 2004, Cresko ef al. 2004) and 3 minor “modifier” loci have also been
identified (Colosimo et al. 2004). There is some evidence that the same genes are
associated with this trait in different North American populations (Colosimo et al.
2004, Cresko et al, 2004). An individual of freshwater ancestry (as calculated by q)
might possess an anadromous allele at a single locus of iarge,éffect that causes a
large deviation from the predicted relationship between LP and g. In this sense, our
measure of q reflects a genome wide measure of genetic ancestry, and LP a single
trait controlled by one major locus. We discuss the associations between indirect

measures of fitness and LP and q separately below.
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Genetic ancestry (q) and fitness

Unlike Hagen (1967) we found evidence for hybrid inferiority in the form of reduced
probability of overwinter survival in individuals with intermediate genetic ancestry.
Overwinter hybrid inferiority might result from selection acting on individuals of
intermediate q either inside or outside the hybrid zone, or both. In contrast,
intermediate q was not associated with smaller juvenile standard length, since we
found a negative linear (rather than quadratic) relationship. Temporal diﬁereﬁces in
breeding season of freshwater and anadromous sticklebacks is the best explanation
for this negaﬁve relationship. Individuals of freshwater q start to breed earlier than
individuals of anadromous q, although there is still considerable temporal overlap
(Chapter 3), and in early samples of the cohort we found freshwater juveniles to be
of larger standard fength than anadromous juveniles. The negative relationship
between q and juvenile standard length was dependent upon date of collection and
decreased in strength towards the end of the year. This is evidence for the growth
of juveniles asymptoting at the same size pre-winter. Of those individuals with
intermediate q surviving to breed, we found no evidence of hybrid inferiority or
superiority with regards to female reproductive fitness. Individuals of intermediate q
were just as likely to be gravid as individuals of anadromous or freshwater gq. In the
absence of strong prezygotic isolation (such as variation in microhabitat nest
location or assortative mating), backcrossing to freshwater or anadromous
individuals is likely. Based on our analyses of fitness at three different stages of
ontogeny, our findings suggest that the strongest selection against individuals of

intermediate g occurs over winter.
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Lateral plate number and fitness

We found evidence for reduced fitness of females of intermediate LP, independent
of q, at all three stages of ontogeny. Females of intermediate L.P were associated
with small standard length in juveniles, reduced probability of overwinter sur;/ival,
and of those surviving winter, larger females with an intermediate LP had a reduced
probability of being gravid durihg the breeding season. Reduced fitness was not
detected in males of intermediate LP (in the juvenile and overwinter models},
therefore, the mechanism resulting in the observed association between LP and
reduced fithess ﬁust involve a sex biés. We were not able to test whether
intermediate LP affected male reproductive fitness within the scope of this study.
We hypothesise that factors affecting the standard length of juveniles with
intermediate LP in this system have knock-on effects on overwinter survival and
reproductive fitness. We propose that the key to understanding the maintenancé of
the morphological cline in lateral plate number is the association between lateral

plate number and juvenile body size.

We hypothesise that small juvenile standard length is due to reduced foraging or
growth efficiency (or differences in energy investment) rather than intermediate LP
directly. There are numerous possible traits that could be involved, including
foraging behaviour (Mackney and Hughes 1995), foraging morphology, parasite
resistance, energy uptake and growth, and differential life history invegtment. To
explain our resuits, differences in theé.e traits must show a sex bias and anr
association with l:P independent of genetic ancestry. Sex differences in diet and
niche-use have been reported in other stickleback populations {Reimchen and Nosil
2001) and might cause differential exposure to predators, parasites (Reimchen énd 7

Nosil 2001), environmental stressors or involve different metabolic costs for males
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and females. Developmental instability might explain the smaller juvenile body size
we observed because it is associated with increased prevalence of parasitism
(Reimchen 2001) and individuals with high parasite load are likely to have lower
energy resources for growth (Barber et al. 2001). In Boulton Lake, females with
asymmetric plate patterns showed higher levels of total parasitism and increased
frequencies of multiple nematode and multiple Bunodera infection relative to
symmetric females but these effects were not apparent in males (Reimchen 2001).
The increased parasitism was correlated with differences .in diet but could also be
explained by decreased immunocompetance (Reimchen 2001). To investigate
these possibilities, stud_ies of diet and parasite load are currently being carried out in

the River Tyne hybrid zone.

Although we propose that factors affecting foraging or growth are important for
maintaining the morphological cline in LP, this does not exclude the role of predation
as a selective agent aéting on LP inside or outside the zone of sympatry. Posterior
plates of cémpletely plated morphs reduce the probability of ingestion by piscivores
{Reimchen 2000), which are common in the open waters of the Atlantic Ocean
(Reimchen 2000). A lack of plates may increase the chances of surviving attacks by
wading birds (Reimchen 1994), which are more of a threat in shallow inland waters.
Therefore, it is likely that individuals of intermediate LP are at a selective
disadvantage in either environment, and predation is likely to contribute to the
reduced overwinter survival probability that we observed. This effect cannot be
strong, however, because it was not observed. in hales, and unless there are sex
differences in niche-use in the oceanic phase, there is no reason to assume that
predators would target females over males. Because our models show that females

are under greater selective pressure than males, we might expect to find a male
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biased sex ratio in adults. Unfortunately, we are unable to test this hypothesis with
the current data set because males are territorial during the breeding season and
are less likely to swim into our traps than females. Field-based studies of breeding

behaviour and assortative mating are needed to verify this.

Why is female fithess more closely assbciéted with LP variation thaﬁ q variation?
The genes controlling LP may be closely linked to genes of large effect on an
individual’s fitness. In' support of the éenic view of speciatiqn (Wu 2001 ), genes with
Iarge.effect on an -individual’s fitness and viability, so called “specfation genes”, Have
been foundin several organi&;ms e.g. Drosophila (Ting et al. 1998), pea aphids (Via
and Hawthorne, 2001). Genes affecting reproductive isolation are often located on
the X chromosome {termed the “large X chromosome effect”, Charlesworth‘ ot al.
1987), because advantageous recessive mutations will be expressed in the
heterogametic sex. In sticklebacks, males are the heterogametic sex and the sex
determining region lies on a different chromosome to the major LP locus (Colosimo
et al. 2004, Peichel et al. unpublished). Genes affecting reproductive isolation might
not cause a reduction in fitness in the context of their own genetic background, but
can cause reduced hybrid fitnesrs due to epistatic interaction effects with genes from
different génetic backgrounds (Orr 1995). Speciation genes were closely linked on
the same chromosomal region in the pea aphid (Via and Hawthorne, 2001) and it is
therefore plausible in sticklebacks that LP is linked to a gene of large fitness effect
WhiCi‘l interacts with genes on the X chromosome. Our findings hint at the possible

underlying genetic architecture of genes associated with speciation in sticklebacks.
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CONCLUSIONS

In this paper, we have presented clines in morphology and genetics across a hybrid
zone between anadromous and freshwater sticklebacks in the River Tyne. THe
position of the centre of the mitochondrial cline was significantly further upstream
than the centre of clines at nuclear loci. We estimated the effective selection
pressure {s*) required to maintain clines of the observed width to be between 17%
and 58% and this is likely to represent the upper bounds since it is inflated by the
presence of assortative mating or selection against hybrid. fry. Morphological and
genetic divergence is being maintained by selection against hybrids and
recombinant phenotypes both within the hybrid zone and, it is likely, outside the
hybrid zone. Although we observed an increase in the proportion of hybrid
genotypes sampled over time in juveniles, we found that individuals of intermediate
q were significantly less likely to be sampled after winter. We also found that
females of intermediate LP were of smaller juvenile standard length, had lower
probability of overwinter survival, and had decreased probability of beihg gravipl
relative to size. The association of intermediate LP, but not intermediate q, with
female fitness might be explained by tight linkage between LP and genes of large
fitness effect. Decreased fit.ness of females of intermediate LP might result from
epistatic interactions between genes located on the X chromosome, and suggests
that genes responsible for the divergence between anadromous and freshwater
sticklebacks are closely linked. This is the first study of an anadromous-freshwater

stickleback hybridzoné to show evidence of reduced hybrid fitness in the wild.
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ABSTRACT

Do the same genes underlie variation in the same traits in different populations?
The threespined stickleback (Gasterosteus aculeatus) is a model organism for
studies of the evolution of quantitative traits due to the enormous efforts put into
constructing linkage maps and unravelling the genetic architecture underlying traits.
One question of inferest ié whether variation in a given trait in two different
populations involves the same or different genes. We investigated associations
between alleles and traits in wild sticklebacks from an anadromous—freshwater
hybrid zone ‘in the River Tyne, Scotland, using seven candidate loci identified as
being linked to traits in sticklebacks from Priest Lake, Canada, plus three additional
nuclear markers and_ a mitochondrial marker. With both a case-control approach
and linear models, we explored how variation in spine lengths and lateral plate
number was associated with the candidate markers. We investigated associations
within both an anadromous and a freshwater stickleback population, as well as a
sample of individuals identified as hybrids. Here, we report our findings of statistical
associations between-alleles and traits, some of which were consiétent with linkage
studies in other stickleback populations. These consistencies suggest that similar
genes may contribute to variation in the same traits in different stickleback
populations. However, we also found several associations between loci and traits
that differ from those reported in other studies, suggesting possible differences in

" the genetic determination of traits may also exist. The associations between traits
and markers found in hybrids must be interpreted with caution since the presence of
linkage disequilibrium within these individuals will cause spurious' associations to be

detected.
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INTRODUCTION

The existence of variation in quantitative traits within and between species is
interesting to e\}olutionary biclogists because it provides insight into how adaptation
to specific environments and, ultimately, speciation occurs. Identifying geﬁes that
underlie variation in traits is of particular interest because they code the heritable
component of variation on which selection acts and enables us investigate questions
such as; how many genes are involved in the evolution of trait? Are there many
genes of small effect, or few genes of large effect? Do the same genes underlie trait
variation in different populations? Are different genes affecting a trait closely linked?
What kind of mutations result in trait variation (e.g. coding or regulatory region?).
Mapping the location of quantitative trait loci (QTLs) is becoming ihcreasingly
common and several studies have already provided insights into the questions listed

above (e.g. Peichel ef al. 2001, Colosimo et al. 2004, Cresko et al. 2004).

The threespine stickleback (Gasterosteus aculeatus) is proving to be a model
natural organism for the study of quantitative trait loci, due to both its evolutionary

- history and the enormous efforts put into understanding its genome (e.g. Peichel et
al., 2001, Colosimo et al. 2004, Cresko ot al. 2004). Since the retreat of the last ice
age, approximately 20,000 years ago, the stickleback has undergone an adaptive
radiation with multiple invasions of freshwater habitats by marine sticklebacks.
Throughout the northern hemisphere, independent and parallel divergence of the
.same morphological traits (e.g. reduction of lateral plate morphology, spine length,
and pelvic girdle)}, has occurred as a result of adaptation to the freshwater

environment (McKinnon and Rundle 2002). The fact that parallel evolution has
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occurred in such a short time makes sticklebaoks particularly useful for studies of
quantitative trait loci because, unlike many other organisms, the divergence in
morphology is not accompanied by vast genome wide divergence. In addition,
repeated invasions have sometimes led to the formation of reprc!)ductively isolated

species pairs within lakes (e.g. Canada, McPhail 1995).

Peichel et al. (2001) laid the foundations for the utility of the stickleback for studies-
of the evolutionary genstics of quanfitative traits when they constructed a linkage
map from a cross between benthic and limnetic sticklebacks from Priest Lake,
British Columbia, Canada. F1 progeny from this cross were used to identify major
QTLs underlying several traits including the number of lateral plates, the length of 1%
and 2" dorsal, and pelvic spines amongst others. In this cross, more than one QTL
was identified as affecting lateral plate number, 1%, and 2™ dorsal spine Iengtﬁ, and
each of these QTLs were located on different linkage groups, (except that one of the
QTLs affecting 2™ dorsal spine length and the QTL affecting pelvic spine length
mapped to the same linkage group, Table 5.1). Peichel et al.’s (2001) study
suggested that genes of major effect rather than many genes of small effect may
underiie phenotypic variation in sticklebacks, and set up the question of whether the

same QTL underlie variation in the same traits in different populations.

145



Table 5.1. A summary of stickleback QTLs identified to date. ** Pelvic armour reduction refers to the presence or absence of both the pelvic girdie and
‘pelvic spines. *** Associated with the number of anterior lateral plates only. N.b. STN183 was originally mapped to a separate linkage group (LG

XVIIl), but in ater crosses (Colosimo et al. 2004) this linkage grouped merged with linkage group IV {Cresko Pers. Comm.). Information on the distance
betwsen STN183 and Gac4174 is currently unavailable.

Author
(a) Piechel (b) Cresko (¢) Colosimo (d) Shapiro Present Study
et al (2001} et al (2004) et al (2004) et al (2004) Anadromous Hybrid Freshwater
Trait benthic x limnetic marine x freshwater fr:sim?ee?gggiga ) . Same " . . :
Priest Lake, Canade] (3 Alaskan pops) high plated x low plated marine x freshwater| Wild population Wild poputation Wiid poputation
(Friant Lake, California) 7055 85 (c)
Locus Linkage Locus Linkage Locus Linkage Locus Linkage Locus Linkage Locus Linkage Locus Linkage
Group Group Group Group Group Group Group
Lateral Plate |STN152 LG X/l |STN183 LG v Gacd174 LG IV "STN208 LG XXV!' STN208 LG XXVvi bAR2 unknown
Number STN208 LG XXVI . STN71 LG v STNi52*** LGXilt STN130 LG Xt
) STN124 LG x STNg*™ LG] Cytb mtDNA
STN21 9 LG Xxw ATP1a2** unknown STN182** LG Xl
1st Dorsal STN9 LG Cyth mitDNA
Spine Length STN2§ LG
2nd Dorsal STNSG LG Vil STN94 LG Vil STN130 LG Xi
Spine Length | STN130 LG X/ Cytb miDNA
Pelvic STN94 LG Vil STN94 LG vilt STN152 LG X1t
Spine Length Cytb mtDNA
Pelvic Armoutr STN82 LG Vit Pitx1 LGV

o

Reduction
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In two independent studies of recombinant progény of crosses between different
morphotypes, both Colosimo et al. (2004) and Cresko et al. (2004) found evidence
that the same QTL region was associated with lateral plate morphology in different
. stickleback populations (Table 5.1). Colosimo et al. (2004) used a Japanese marine
female and a Canadian, Paxton Lake, benthic male to generate F2 progeny using a
backcross design. In this cross, they identified 4 iateral plate QTL, one of which (on
linkage group 1V) explained 77% of variation in plate number, and the remaining
three {on linkage groups VI, X,‘and XXVI) explained between 3-5% of variation
each. One of these minor lateral plate QTLs (linkage group 26) located close to one
detected in the original Priest Lake cross (Peichel et al. 2061 ). In a second cross,
Colosimo et al. (2001) established that three of the lateral plate QTLs identified in
their first cross (including the major locus) were also affecting lateral plate
morphology in sticklebacks from. Friant Lake (California). A complementation study
confirmed that it Was the same major gene explaining variation in lateral plate
number. At the same time, in a separate study, Cresko et al. (2004) used
complementation studies and linkage mapping in a study of lateral plate morphs in
three Alaskan stickleback populations and identified the same major QTL as
Colosimo et al. (2004), underlying lateral plate morphology on linkage group four.
Cresko et al's (2004) study also identified a major QTL located on linkage group
~seven associated with pelvic reduction. This finding was supported by the work of
Shapiro et al. (2004) who showed that reduced expression of the candidate
developmental gene, Pitx1 (located on linkage group VII, Table 5.1), was associated .
with pelvic redﬁction. One pattern emerging from these studies is that the same
genes of major effect (or group of genes in the same location) underlie variation in

quantitative traits in different stickleback populations.
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There is aIQo evidence, hov_vever, for differences in genes of minor effect on
guantitative traits. For example, the locus STN152 identified as being associated
with lateral plate variation in Priest Lake sticklebacks (Peichel et al. 2001) was not
associated with lateral plate number in the marine-freshwater cross by Colosimo et
al. (2004). Similarly, the minor lateral plate QTL STN71 (Colosimo et al. 2004) was
not associated with lateral plate number in the Friant Lake cross, although sample
sizes in this cross, and therefore power to detect this association, was low. It is

possible that QTL of minor effect may differ between stickleback populations.

In this study, we set out to determine if markers linked to qhantitative traits in
Peichel et al.’s (2001) original study, were also associated with quantitative tre-l.Its in
a natural freshwater-anadromous population of Scottish sticklebacks. Our study is
distinct from a QTL mapping study because we do not aim to identify particular
regions of the genome linked to particular traits. Rather, we test to see whether
particular candidate markers, from the previous QTL study of Canadian lake fish

(Peichel et al. 2001), show associations with traits in our study pbpulations.

There are several different ways to test for associations between traits and loci, the
most appropriate method depends on the study population (e.g. natural population
or a laboratory cross) and the nature of the trait (qualitativé or quantitative). For
example, in a simple disease association study, individuals are genotyped at a
number of markers and then tested for significant differences in allele frequencies
between case (infected) and control (uninfected) groups (Pritchard and Donnelly
2001). A significant association would imply that the marker is closely linked to the

disease locus since, in randomly mating populations, linkage disequilibrium decays
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rapidly with genetic distance (Pritchard and Donnelly 2001). Alternatively, for a
quantitative trait, linear models can be used to determine if the number of copies of
an allele is significantly associated with the trait score. When allelic diversity is high,
‘this approach requires large sample sizes to ensure each possible allele is
represented in a large number of individuals. For this reason, linear models are
most applicable to studies where allelic diversity is low such as those utilising

laboratory crosses or bi-allelic markers.

The existence of population structure within an association study can result in high
frequencies of spurious associations being dete_ctéd (Pritchard et al. 2000). This is
because the proportion of individuals of a given subpopulation may differ within the
case and control samples, or within individuals with extreme quantitative trait scores.
In addition to different frequendies of alleles at the underlying QTL and physically
linked markers, the case and control samples may also differ in allele frequency at
many other unrelated loci, thus resulting in “spurious” associations (Pritchard and
Donnelly 2001). Using a valid statistical method when testing for association in the
presence of population structure has, therefo.re, become a major concern in
association studies (Pritchard et al 2000). Pritchard and Donnelly (2001) developed
a two-step approach to deal with this problem. Firstly, the presence of population
structure is determin.ed using a Bayesian Montecarlo Markov Chain (MCMC)
approach to cluster individuals based on multilocus genotypes (Falush et al. 2003).
Secbndly, the probability of a given individual having ancestry in the estimated
clusters is used to ‘correct’ for the presence of structure in the association test
(Pritchard and Donnelly 2001). An alternative approach to avoi.d difficulties of

population structure in association studies, called the transmission/disequilibrium
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test (TDT), was developed by Spielman et al. (1993). TDT studies compare
genotypes of parents and offspring to detect associations between markers and
traits and are therefore not susceptible to false postives even in the presence of
population structure. Although genetic techniques and resources are becoming
increasingly available, the requirement of pedigree infqrmation for TDT association
studies (and other family based studies) is a major limiting factor for studies

involving natural populations.

In this paper, we investigate associations in wild sticklebécks sampled from an
anadromous-freshwater hybrid zone in the River Tyne, Scotland. The existence of
r-ecombinant individuals makes hybrid zones; akin to natural Iaboratdries {Hewitt
1988} and, therefore, suitable for studies of QTL involved in species divergénce and
speciation (Rieseberg and Buerkle 2002). "The presence of pure source populations
allows us to explore associations between markers and quantitative trait variation
within freshwater and anadromous populations. In addition, the-presence of hybrid
individuals, with increased phenotypic variation, provides an opporfunity to detect
~markers associated with bétween-species trait variation. We use a case-control
approach to identify loci and alleles showing associations with traits and further

explore these associations using linear models.

MATERIALS AND METHODS

Sample collection
Our analysis of association between traits and loci was performed on three different
data sets. These data sets were comprised of sticklebacks sampled from three

distinct sites in the River Tyne, East Ldthian, Scotland and represent a subset of

150



Chapter 5 ' | Association study

sticklebacks sampled as part of a larger study of an anadromous-freshwater
stickleback hybrid zone (Chapter 3, Chapter 4). The ‘anadromous’ data set
consisted of individuals collected from rockpools lat the mouth of the river (Site 1).
Fish sampled from this site had characteristic anadromous morphology (Bell and
Foster 1995, Chapter 3) and were identified as consisting of 100% ‘anadromous’
genetic composition (Chapter 3). Our ‘hybrid’ data set included individuals sampled
from Site 4, located approximately 5.5 km upstream from Site 1. This site is a
freshwater site and represents the approximate centre of the hybrid zone. Samples
from this site showed a large amount of phenotypic variation {(Chapter 3). For the
purposes of this study we used individuals identified as ‘hybrids’ based on the
probability of them having freshwater or anadromous genetic ancestry using thé
program STRUCTURE (Falush et al. 2003, Chapter 3). Individuals from Site 4 with
‘freshwater’ or ‘anadromous’ ancestry were excluded from the analysis. Our
‘freshwater’ data set was comprised of individuals collected from a freshwater site a
further 5.5 km upstream (Site 7). Fish sampled from this site had freshwater
morphology similar to that reported in many other freshwater stickleback populations
{shorter spines, fewer lateral plates, m(;re streamlined body shape, and olive
colouration, Bell and Foster 1995). 95% consisted of individuals of freshwater’
genetic ancestry (the remaining 5% identified as ‘hybrids’). These hybrids were

excluded from the data set.

Due to the design of our hybrid zone study, multiple samples from each site were
collected over time, the majority of individuals being collected on a monthly basis
during 2003 (see Chapter 3, Table 3.2). In this respect, individuals from Sites 4 and

7 represent four distinct cohorts and consist of both juveniles and adults. Individuals
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from Site 1 were adults representing 2 cohorts. Freshwater sticklebacks in this
- system have a one-year lifespan (Jones et al. in prep.) and therefore non-
overlapping generations, but the lifespan of anadromous sticklebacks remains

unknown.

Fish were collected using wire mesh minnow traps placed overnight. Prior to April
2003, individuals were killed using a UK Home Office Schedule 1 method and
preserved in ethanol. From April-December 2003 individuals were sedated,
morphometric data collected (see below), fin-clipped, tagged with visible elastomer,
and revived before being released back into the river. This procedure was
performed under Home Office Licence (60/2954). Tagging enabled us to identify

previously sampled individuals and aveid replication in our data.

Morphological Data

We collected data on the following morphological traits: length of first dorsal,
second dorsal, and pelvic spines, lateral plate number and pattern on the left side of
the body, and the presence or abser;ce of a keel on the éaudal peduncle {Figure
5.1). Morphological measurements were collected on live fish in the field,‘ or ethanol
preserved specimens in the laboratory using callipers accurate to 0.02mm (for spine
lengths) and a seeker tool (for plate counts). Standard length was calculéted from
digital photographs of specimens against a 5mm background grid. To rémove the
differences in spine length due to growth we calculated residuals from an asymptotic
non-linear regression of spine length against standard length: Spine Length = a-b
* g bo’ StandardLengh) {0 aach cohort and sex separately, where the coefficient a
_determines the asymptote, and b and ¢ determine the slope. We use this simplified

approach rather than the more popular von Bertalanffy growth model (1938)
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because our sampies do not represent repeated measures of the same individual.

Residual spine length obtained from this regression was used in further analysis.

Anterior Posterior
Laterai Plates Lateral Plates

Plates associated with the pelvic girdle

Figure 5.1. Trait measurements and lateral plate data Collected from sticklebacks. This
individual would have the plate pattern formula 1,3,3 (indicating the number of posterior,
pelvic, and anterior plates respectively) and a total plate count of 7.

Lateral plate pattern was recorded using the following method, starting at the caudal
peduncle and moving in an anterior direction. Firstly, the number an.d sequence of
plates and gaps in plates posterior of the pelvic girdle was recorded. Then, the
number of plates in association with the pelvic girdle, and 'ﬁnally, the number of
plates anterior to the pelvic girdle were recorded (Figure 5.1). We observed almost
no variation in the number of piates associated with the pelvic girdle (across all three
data sets, only 4 individuals (0.005%) did not have a score of 3, see results Table
5.3). This variable was not used in further analysis. The number of anterior lateral
plates and posterior lateral plates were correlated (R? = 0.392 (hybrid),- 0.0041
(anadromous) and 0.1144 (freshwater)), however, thé existence of independent

variation justifies treating them as distinct variables. Furthermore, the study by
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Cresko et al. (2004) suggests that anterior lateral plate formation may be governed

by QTL independent of posterior lateral plate QTL.

Genotyping

Fish were genotyped at seven microsatellite markers linked to QTL underlying first
and second dorsal and pelvic spine length and lateral plate morphology in a cross
between limnetic and Benthic sticklebacks from Priest Lake (Table 5.1) as identified
by Peich.el et al. (2001). | At the time of genotyping, the additional studies of lateral
plate pelvic reduction QTLs were not published so the new markers associated with
traits by Colosimo et al. (2004), Cresko et al. (2004) and Shapiro et al. (2004) were
not typed in this study. In addition, fish were genotyped at 3 SNPs located within
introns of a Na'/K* ATPase (ATP1a2 intron 1}, myosin heavy chain (MyoHC intron
5) and beta androgen receptor (bAR2 intron 2) and a SNP located within the
cytochrome b gene of the mitochondrial genome. These SNP’s are located within
functional genes associated with ion regulation (in salmon (Salmo salar) and
zebrafish (Danio rerio), e.g. Shu et al. 2003), muscle protein (sticklebacks,
McGuigan et al. (2004)) and hormone pathways (stickiebacks, Hellqvist et al. 2004)
respectively, and were chosen based on the availability of sequence data from
multiple fish species and the existence of polymorphism in River Tyne sticklebacks.
A sex-linked indel located at the 3’ untranslated region of the Isocitrate
dehydrogenase gene (Peichel unpublished data) was used to sex each individual.
DNA was extracted, PCR’s and restriction enzyme digests performed as specified ih

Chapter 3.
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Statistical Analysis

Overview

Associations between continuous traits and alleles can be detected using a linear
mode! where the number of copies of each of the given alleles is entered as an
independent factor. Ih a sample of individuals from a wild population, the utility of
this approach is restricted by allelic diversity, since the large ﬁumber of variables in
the model would require a very large sample size. Reduced sample sizes result in
an incomplete matrix. In this paper, we use a targeted method to identify candidate
alleles which may be associated with each trait, and then perform a linear model to

determine whether this select group of alleles explain variation in the trait of interest.

Using x2 tests in a case-control association study framework (e.g. Pritchard and

Donnelly 2001, Glorioso et al. 2001), we firstly targeted loci, then alleles at a locus,

that differed sig'nificantty in frequency between individuals with extreme trait scores.

Testing for population structure within each data set:

Association studies are susceptible to false pdsitivés, firstly, due to the large number
of tests performed, and secondly, due to the presence of population structure within
the samples. We therefore tested for eyidence of population structure within each of
our data sets. Temporal samples for each data set were pooled and tested using
the program STRUCTURE (Falush et al. 2003). STRUCTURE uses a Bayesian
MCMC approach to cluster individuals on the basis of their multilocus genotypes
without a priori information about population of origin. The likelihood of there being
as many as K distinct genetic clusters within the sample can be estimated, and thus
the most likely number of genetic clusters determinéd. STRUCTURE was run with a

" burn-in period of 100,000 replicates, followed by 1,000,000 replibates from which the

155



Chapter 5 Association study

likelinood of there being K clusters was determined. This analysis was performed
on the anadromous and freshwater data sets in a previous paper (Chapter 3) and

was only performed on the hybrid data set here.

Case and control group classification:

We classified individuals into ‘case’ and ‘control’ groups by ranking individuals in the
data set by trait score and pooling individuals in the upper third and lower third of the
sample. Individuals with intermediate trait values were excluded from the analysis.
For the purposes of this analysis, we considered total lateral plate number to be a
continuous variable. Where the boundaries of the case and control thirds fell within
the midale of a particular plate count category, we included all lindividuals with that
category within the case or control group. The presence and absence of a keel is a
binary measure which naturally falls into case and confrol groups. Individuals were -
also grouped by plate pattern and groups represénted‘by more than 15 individuals
were included in a test with multiple case and‘control groups. Under-represented
plate pattern groups (less than 15 individuals) were excluded from the analysis.
Details of the sémple sizes in each of the case and control groups for each of the

traits in each of the data sets are specified in Table 5.2.
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Plate Pattern

1%, 2™ Dorsal and Pelvic Total Number Number of Posterior | Number of Anterior Keel
Spine Length Lateral Plates Lateral Plates Lateral Plates
Criterla N Criteria N Criteria N Criteria N Criteria N Criteria N
@ long shines 26 <28 34 <22 40 3 56 present 79 2233 15
g 7]
]
= short spines 26 >28 20 »>22 39 4 23 absent 0 23,3,3 19
g3
c test not
< excluded 27 excluded 25 excluded 0 excluded 0 None of above 45
- perforrmed
long spines a3 <8 109 <2 108 <3 110 present 206 0,3,1 19
- short spines 93 >19 110 »14 109 >3 110 absent 110 0,3,2 29
& .
.g excluded a3 excluded Q7 excluded a9 excluded 96 excluded 0 1,3,2 28
a
= NA 37 2133 28
S
I
22,33 21
. None of above 193
long spines 144 <5 118 0 238 Oort 142 present 14 0,31 101
short spines 144 >5 164 >0 " 478 »1 274 absent 430 0,32 33
E test not
o excluded 145 excluded 162 excluded 28 excluded 28 0,3,3 16
= performed
Qa
] NA 11 1,31 102
®
=
£ 1,32 119
@
L™
[
1,3,3 15

None of above 58
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Table 5.2. Summary of
criteria used to define
extreme trait groups in each
of the three data sets. NA =
individuals with missing trait
data, excluded = individuais

~ of intermediate trait value,

None of above = individuals
who did not fall into the
above-mentioned plate
categories.
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The program STRAT (Pritchard and Donnelly 2001) was used to test for differences
in allele frequencies between case and control groups. In the absence of population

structure STRAT performs an R x C y*test for heterogeneity (where R represents

the number of alleles at a given locus, and C the number of groups being compared)
and returns the overall probability of differences in allele freqﬁencies at a given
locus between the C groups. Alleles with fewer than 10 copies are pooled by the
STRAT program. Allele frequencies within each group were estimated using an
expectation-maximisatibn (EM) algorithm and p values determined by 10,000
simulated tests per focus. Loci showing significant association with traits were
identified as those with significant differences in allele frequencies between case

and control groups.

Our targeted approach then involved identifying alleles contributing to overall

significant differences in allele frequency within a locus. Rx C xz tests that were
significant at the a < 0.05 level were consolidated into 2 x C xz tests, where the 2

allele groups represent the frequency of the allele of interest and the frequency of all
other alleles pooled together. This procedure was repeated for each allele at a

locus to identify those with significant differences in frequency between the groups.

Linear Models

For each trait, we investigated the amount of variation that could be explained by the
select groups of alleles which differed significantly (a<0.05) between extreme trait
groups in a linear model. Linear models were performed on each of the entire data
sets since, in this approach, inclusion of individuals of intermediate trait value would

improve pbwer. In each model, the number of copies of a given allele (0, 1 or 2}
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was entered as an independent factor. We explored only main effects because the
high frequency of rare genotypes excluded the possibility of investigating higher
order interactions. Where the number of individuals with 2 copies of an allele was
less than 10, individuals were pooled with individuals with 1 copy of the allele. |n
some models, two alleles at a locus were included. We argue this is valid, since at
these loci there were multiple alleles, and the two alleles were essentially free to
vary independently. Models were minimised by stepwise removal of alleles that did
not explain significant amounts of variation. Qur linear medels assume an additive
effect of alleles associated with the trait since the contribution of each allele to the

trait is determined by the equation:

Trait ~ B3;*Allele(a) + By*Allele(b) +..... + B *Allele(z)

where a, b. .. z represent each of the diiferent alleles included in the modet and 13
represents the estimated coefficient for each allele. Generalised linear models with
' binomial error structure were used to explore variation in traits falling into two
categories (the number of anterior lateral plates in anadromous fish, and plate
pattern in anadromous fish). To explore the fit of the model, we plotted the
independent effects of each allele on the trait in addition to plotting the mean trait

score for each genotype combination.
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RESULTS

Trait Variation

Traits, and variation in traits, differed considerably between each of the data sets.
This difference was particularly noticeable in lateral plate morphology. We observed
virtually no overlap in total lateral plate number between individuals in the
anadromous and freshwater déta sets, whereas the range in plate number observed
in the hybrid data set overlapped with that observed in both anadromous and
freshwater individuals (Figure 5.2a-c). -This pattern was similar when only posterior
plates were examined (Filgure 5.2g-i) but in contrast, the number and range of
.anterior lateral plates (0-4) overlapped between data sets (Figure 5.2d-f). Males in
the freshwater data sef had significantly more énterior lateral plates than females
(mean difference 0.186, ty5 = 8.705, p=0.003) but no cother sex differences in lateral
plate morphology were observed in any of the data sets. Of the 316 hybrid
individuals sampled, we observed 114 different plate patterns, whilst only 27 and 8
different plate patterns were recorded in freshwater and anadromous ‘fish
respectively. In total, 34 plate patterns were common to more than one data set

~ (Table 5.3). Differences in mean 1% and 2™ dorsal and pelvic spine lengths
between freshwater, hybrid and anadromous fish were alsq apparent in larger

individuals and were most pronounced in females compared to males (Figure 5.3).
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Pattern Fw Hyp Pattern Hyb Ariad Pattern Fw Hyb Anad Pattern Fw Hyb Anad
0,3,0 2 0 0 [042 0 1 G [3(G2)1(G2)13,3,3 0 1 0 [5LGM433 0 1 0
0,3,1 101 19 0 G133 0 1 0 [GHLGH0.33 0 1 0 [5LG)53.3 0o 1 0
0,3,2 119 23 0 [{G1)11,33 0 1 0 [3LG{G2H533 ¢ 1 0 [5LG)632 0 A ¢
0,3,3 16 9 0 [1{G1)533 0 1 0 [31LG133 0 v 0 {5LG)K33 o 1 ]
0.3,4 1 0 0 H{G1)6,3,3 0 2 0 13(LG)10.3.2 o 1 0 15(LG)7.3.3 o 1 ¢
1,2,2 1 0 0 [1{G2)334 0 1 0 [3LG)1033 0 3 0 [5(LG)B33 60 3 0
1,3,0 4 1 0 [1{GI5(GN1933[ 0 1 0 [3HLGH133 0 1 0 [5(LG)9,33 c t 0
1,3,1 33 8 0 [LenLer33( o 1 0 [316M3s3 0o i 0 (532 0 2 0
1,32 102 28 0 [1{LG)1.3.3 0 1 0 [3LG)522 0 1 ¢ [6(G3)123.4 0 1 0
133 15 12 0 [11LG)5.3,3 0 1 0 [|3G)533 0 2 0 [6(LGY433 0 2 0
2,3,0 1 0 0 |101LG)9,33 0t 0 [3(G)6a3 0 2 0 [BLG7.32 0 1 0
23,2 1 0 0 [1033 0 1 0 G733 0 5 0 [6(LG)7.3,3 0o 1 ]
23,3 2 1 0 [11(G1)833 (VI 0 [3LG)9.3.3 0 2 0 [B32 0 1 0
G132 11 0 0 [14(G2)434 o 0 HGINQLENLGE)93.3 0 1 0 [AGIH233 0 2 0
3(LG)12331 1 1 .0 (1634 o 1 0 |ALG(G10,3,3 0 1 0 [7G1N333 o 2 0
3,2,0 1 0 0 [1833 ¢ 1 0 jALG)123,2 0 1 0 [7GIN33 0 i 0
33,2 1 0 0 [1834 O 0 4LE)123.3 0 2 0 [/GE2Lenoess o 1 0
53,3 1 4 0 [1833 0 2 0 M4LG)s32 0 1 0 [7(LG)933 0o 1 0
6(LG)10,33] 1 1 0 PLE1G933{ 0 1 0 W(ILG)533 c 1 0 [732 0o 2 0
6(LG)1233] 2 0 0 [ALG)(LG233{ 0 1 0 #{LG)63.2 0 1 0 [BG2H11,33 0 1 0
6,3,3 2 3 0 2(LG)11,32 0 1 0 (4(LG)7.3,2 o 1 0 |B8(G3)10,3,2 [ o
768331 0 0 [2LG)11,33 (N 0 J4(LG)83,2 6 1 0 [B24 0 1 ]
73,3 1 4 0 2LG2AGIHIIZ|{ 0 1 0 4(LG)8,3,3 0 2 0 832 0o 1 o
B(LG)633 |1 0 0 [2L@)33:2 0 1 0 j#LG)9G2.33 1 0 [9(G1)1233 0o 2 ¢
8,3.3 2 1 0 [2ALG)3s33 (N 0 (G933 0 2 0 [9(G3)10,33 VA 0
93,3 2 3 0 [2ALG433 o 1 0 1431 6 1 0 [932 o 1 e
20,33 17 12 |2LG)5.3.3 c 2 0 {432 0 2 0 | No ofDislinct 14 8
20,34 0 2 5 [21G)833 c 2 0 |433 0 2 0 | Piate Patterns

21,33 0 26 16 (20,24 o 1 0 [5(G1)9,3.2 0 1 0

21,34 0 1 7 (2132 o 0 [5(G3)12,3,3 c 1 0

22,3,3 o 21 19 [2333 0 6 0 [5(LGM(LG)I433 6 1 0

22,3,4 0 0 9 (2334 0 2 0 [5LG)33 e 1 0

24,3,3 6 0 9 [2335 (VI 0 |5(LG)10,3.3 o 2 o0

24,34 00 2 |3G11233 0 1 0 |50.G)11,3.3 01 0
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Table 5.3. The number of individuals with
each lateral plate pattern recorded in each
of the three data sets, Fw = freshwater
data set, Hyb = Hybrid data set, Anad =
Anadromous data set. G1,G2,G3,L.G=a
gap in lateral plates the size of 1, 2, 3, or
>3 {large gap) plates respectively.
Commas delimit posterior plates, plates
associated with the pelvic girdle, and
anterior plates in that order.
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Figure 5.3. Mean 1% dorsal (a,b), 2™ dorsal (c,d) and pelvic spine length (e.f) for each sex

and size class based on standard length. Hyb

set and Fw = freshwater data set.
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Tests for Genetic Structure

We found no evidence of population structure within our hybrid data set. The log
probability of the data given K equal to 1 (-10256.5) was greater than the log
probability of the data given K equal to 2 or 3 (-10394.3 and -12308 respectively).
Anélysis of population structure was performed on the anadromous and freshwater
data sets elsewhere (Chapter 3), in which we found the most likely value of Kto be
1 (freshwater data set) and 2 (anadromous data set). We believe that the existence
of two clusters in the anadromous data set may be spurious, due to small sample
size and highly polymorphic loci (see Appendix Tables 2, 3 and 5), and results in
Chapter 3). For the purposes of this study, we assume that the anadromous data
set does not have population sub-structure. -However, any association between
traits and loci found in this data set should be interpreted with this assumption in

mind.

Loci with significant differences in allele frequencies between extreme trait
groups (RxC xz tests)
Significant differences in allele frequency between extreme trait groups were found

in each of the three data sets (Tables 5.4 a, b, and ¢), and these results are

summarised for each data set below.

Anadromous Data Set (Table 5.4a)

We observed a significant association between the locus STN208 and 2™ dorsal
spine length in anadromous fish. No significant associations were detected between
loci and 1 dorsal or pelvic spine length. The loci ATP1aé, STN152 and STN208

were significantly associated with the total number of lateral plates, but these
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associations were not observed when testing the number‘ of posterior plates. The-
significant associations of ATP1a2, and STN152 with total lateral plate-number may
be largely due to associations with these loci and the number of ahteﬁor lateral
plates. In\addition, the locus STN9 was significantly associated with the number of
anterior lateral plates. The‘toci STN208 and STN96 showe;i associations with plate
pattern groups. After Bonferroni correction for multiple tests, only associations
between loci and 2™ dprsal spine length and the number of antefior lateral plates

remained significant.

Hybrid Data Set (Table 5.4b) \

Hybrid individuals with long and short 2™ dorsal and pelvic spines differed
significantly in allele frequency at the loci STN94 and Cytb. The locus bAR2 was
also associated with differences in pelvic spine length in hybrid individuals.
Differences in 1% dorsal spine length were associated with significant differences in
frequency of alleles at the bAR2 and Cytb loci. We also observed associations
between the number of lateral plates (total, posterior, and anterior lateral plates) and
the loci Cytb, STN130, and STN208. In additicn, differences in the number of
anterior plates were associated with differences in frequency of alleles at the
STN152 locus. No significant associations were found between loci and the
presence or absence of a keel, or between plate pattern. After Bonferroni
correction, associations between the loci Cytb and STN94 and 2™ and pelvic spine

length remained significant. The association between Cytb and the total number of

lateral plates also remained significant.
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Fréshwater Data Set (Table 5.4¢)

In freshwater individuals we found significant associationls between 2™ dorsal spine .
length and the loci STN9 and Cytb, and pelvic spiné length and the locus STN152.
No associations were detected between any of the loci and 1 dorsal spine length.
The loci bAR2, STN208 and STN9 were significantly associated with the total
number of lateral plates. bAR2 was also associated with the number of posterior
lateral plates, and STN9 with the number of anterior lateral plates and plate pattern.
In addition, we detected an association between STN96 and the number of posterior
plates. The association of bAR2 with total number of lateral plates, and posterior
lateral plates remained significant after Bonferroni correction, as did the association
between STN96 and posterior lateral plates. Similarly, the association of STN9 with
2" dorsal spine length, total numbér of lateral plates and plate pattern was upheld

after correcting for multiple tests.
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Tables 5.4a-c. P-valuesof RxC x2 tests for associations between loci and traits in anadromous
(a}, hybrid (b), and freshwater (c) data sets. * p<0.05, ** p<0.01 ***p<0.0001. Values shaded in grey
represent significance after sequential Bonferroni correction for 9 {(a), or 11 (b) and (¢), tests. NA =
test not performed due to lack of allelic or trait diversity.

ANADROMOUS STICKLEBACKS

TRAIT
LOCUS 1* Dorsal 2™ porsal Pelvic No. Lateral No. Posterior  No. Anterior Keel Plate Pattern
Spine Length Spine Length Spine Length Plates Lateral Plates Lateral Plates (presence/
(residual, mm) (residual, mm} (residual, mmy} (Total) X absence)

ATP1a2 0.3338 0.0840 NA 0.0323* 0.6623 -oloouo"*** NA NA
MyoHC 0.9058 0.7936 0.9108 0.7957 0.7941 0.1016 NA 0.7143
bAR2 NA NA NA NA NA NA NA NA
CYTb NA NA NA NA NA NA NA NA
STN130 0.8483 0.6974 0.771 9 0.9550 0.9156 0.6108 NA 0.5454
STN152. 0.5856 0.4260 0.1622 0.0240 * 0.5570 m** NA 0.2281
STN208 0.3274 m** 0.7597 0.0238* 0.2485 0.2207 NA 0.0103 *
STN26 0.6503 0.0945 0.1271 0.9597 0.8949 0.2473 NA 0.8246

STN9 0.5144 0.9643 0.3807 0.0562 0.0825 m** NA 0.5785
STN94 0.4790 0.0967 0.7773 0.5955 0.2754 0.4058 NA 0.0565
STN96 0.5415 0.2341 0.3301 0.2489 0.0564 Q.9728 NA 0.0128 *
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Table 5.4b..

HYBRID STICKLEBACKS )
TRAIT
LOCUS 1" Dorsat 2™ porsal Pelvic No. Lateral No. Posterior No. Anterior Keel Plate Pattern
Spine Length Spine Length  Spine Length Plates Lateral Plates Lateral Plates (presence/
(residual, mm} (residual, mm} (residual, mm) (Total) ) absence)

ATP1a2 0.7453 0.9202 0.6683 - ~0.1319 0.1326 0.2772 0.0895 0.8157
MyoHC 0.0894 0.4960 0.5500 0.1250 0.0832 0.3898 0.1735 0.1875

bAR2 0.0251 * 0.1126 0.0072** 0.7459 0.6319 0.3393 0.4657 0.8509

CYTb 0.020t* [ coose** [ oooo2*** [ ocos2**  o.ot19* 0.0210* 0.0804 0.3085
STN130 0.9677 ' 0.6595 0.5722 0.0192* 0.0233 * 0.0229 % 0.2010 0.6360
STN152 0.2535 0.1844 0.8308 0.2950 0.2872 0.0082 ** 0.4710 0.3197
STN208 0.2658 0.5165 0.8403 0.0227 * 0.0053 ** 0.0480 * 0.1162 0.0983
STN26 0.1641 0.2072 0.1942 0.0704 0.0672 0.0873 0.3384 0.1072

STN9 0.9997 0.9574 0.8702 0.6738 0.7216 0.5270 0.7868 0.2823
STN94 02100 |  0.0006*** [ o.0012%+ 0.5683 0.4692 0.3532 0.3522 0.0569
STN9S 0.7791 0.3553 0.7133 0.8777 0.8417 0.9144 0.9530 0.3462
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Table 5.4¢.

FRESHWATER STICKLEBACKS

TRAIT .
LOCUS 1¥ Dorsal 2™ porsal Pelvic No. Lateral No. Posterior  No. Anterior  Keel Plate Pattern
Spine Length Spine Length Spine Length Plates Lateral Plates Lateral Plates (presence /
{residual, mmy  {residual, mm)  (residual, mm) (Total) absence)
ATP1a2 0.1963 0.6476 0.0897 0.8715 0.5407 0.5225 NA 0.8174
MyoHC 0.3077 0.8170 0.9855 0.4654 0.9354 0.4742 NA 0.1530
bAR2 0.7853 0.4288 0s3ss |__o.0003*** ! o.0000*** 0.2340 NA 0.0059 "

CYTb 0.0530 0.0230 " 0.8411 0.7931 0.1896 0.3998 NA 0.2278
STN130 0.5312 0.8379 0.4954 0.1939 0.7487 0.1795 NA 0.1294
STN152 0.2412 0.3371 0.0420%  0.1030 0.7311 " 0.1652 NA 0.2109
STN208 0.6666 0.9335 0.4103 0.0458 " 0.1775 0.2330 NA 0.1428
STN26 0.6605 0.8771 0.4513 0.1527 0.2265 10,4438 NA 0.4904

STNS 0.4939 0.2082 I _ 0.0030"* 0.4566 0.0182%  NA 0,0004 "
§TNG4 0.2425 0.7925 0.6462 0.1062 0.7718 NA 0.1238
STN96 0.5729 0.8196 0.5581 0.0584 0.0047,"" 0.1690 NA 0.1056
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' Chapter 5 : Association study

Associations between alleles and traits 2 x C xz tests)
At loci showing significant associaﬁons with a trait, we determined which alleles
differed significantly between extreme trait groups in 2 x C x2 tests. These alleles

are presented in Table 5.5a-c. The loci ATP1a2, Myo3HC, bAR2 and Cytb had only
two alleles, the frequency of which could not vary independently. Tests on these
loci are essentially the same as those presented in Tables 5.4 a-¢ and were not
repeated, however they are included in Tables 5.5a-c for completeness. As many
as four alleles at a given locus differed significantly in allele frequency between
extreme frait groups. In hybrid individuals, a similar {(but not identical} group of
alleles at each of the loci Cytb, STN208 and STN130 differed significantly between
groups with few and many total lateral plates, posterior lateral plates and anterior
lateral plates. T-hé alleles 185 and 195 (STN94) differed significantly in frequency
between individuals with both short and long 2" dorsal and pelvic spines. In
freshwater fish, the alleles 118 and 124 (STN9) differed significantly in frequency
between individuals with extreme total number of iateral plates, number of anterior
lateral plates and plate pattern. In the anadromous data set, no overlap in alleles

- associated with different traits were observed apart from alleles at thé locus
ATP1a2, which differed significantly between individuals with few énd many total
lateral plates and anterior plates.‘ Many “alleles” that differed significantly between

~ extreme trait groups in anadromous fish were comprised of pooled rare alleles.
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Tables 5.5a-c. Summary tables of alleles differing significantly (p<0.05) in frequency
between extreme trait groups. Non-significant results are not shown. * p<0.05, **p<0.01,
***p<0.001. Number of alleles at foci ATP1a2, MyoHC3, bAR2, and Cytb = 2 for all data
sets. The number of alleles at locus STN130 =6, 7, 3, STN152 = 10, 16, 14, STN208 = 9,
14,12, STN26 =6, 6,2, 5TN9=8, 9,6, STN84 =5, 5, 4, STN96 =7, 7, 6, for anadromous,
hybrid and freshwater data seis respectively. p after an allele name represents a pooled
class of alleles.

ANADROMOUS STICKLEBACKS

2™ Dorsal Spine Length (residual, mm} No. Lateral Plates
Allele Frequency M Allele Frequency

Locus Allele < Locus Allele D
Short Long . Few Marny

1330 o0s8 o0a3g7 <0001 Y | STNI52 2620 o001 gos0  0.019

2920 gps6 0200 0.024
STN208 1290 o006 0250 <0.001

No. Anterior Lateral Plates Plate Pattern
Allele Frequency Allele Frequency
Locus Allele p . Locus Allele f<)
Few Many 21,33 22,33

Atp132 200 0.018 0.381 <0.0001 X STN208 117 0.342 0.067 ’ 0.004 **

STN152 2460 0443 0000 0.007 1230 458 0400  0.030
3000 0045 0230 <0001 - | STNS6 223 5079 o267 0047
STN® 712 o452 o000 0005 237 0263 0033 0008

*kk

116 pp8s 0304 <0.001
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Table 5.5b.

HYBRID STICKLEBACKS

1* Dorsal Spine Length (residual, mm}

2™ porsal S$pine Length {residual, mm)

Pelvic Spine Length (residual, mm}

Allele Frequency Allele Frequency Allele Frequency
Locus Allele . Locus Allele p locus Allele p
Short Long Short Long Short Long
bAR2 300 477 0097 0.025 Cytb 700 . o430 0247 <0.001 ¥*F | DAR2 300 (495 gpog 0008 **
Cytb 700 o419 o258 0001 ** STNS4 485 0077 0031 0050 Cytb 700 (4p2 o020 <0001 ***
Pk
195 (0306 0532 <0.001 STN94 ~ 185 (016 04103 0000
* *
99 125 0065  0.048 195 0489 0380  0.034
No. Lateral Plates No. Posterior Lateral Plates No. Anterior Lateral Plates
Allele Frequency - Allele Frequency Allele Frequency
Locus Allele P Locus Allele p Locus Allele fol
Few Many Few Many . Few Many
Cytb 700 o444 o273 <0001 ™ | Cyo 700 o430 0275 o000 | O 700 5308 0282 0010
* *
STN130 128 g014 0055 0.019 STN130 728 014 0055 0.019 STN130 728 gpis 0059 0025
* * *
140 go74 0032  0.049 740 po74 0032  0.050 146 pg18 0059 0025
STN208 119 (o0p3 (0064 0036 sTn2os 19 o023 0084 0036 STNt62 240 o159 0259 0010
' H " *%
127 0471 0105 0.045 131 o028 0089 0.047 244 0109 0032 0.002
* 145 ik 284 *ok
131 0028 0068  0.050 0056 0.000 0.000 0.009 0.051 0.010
145 0056 0005 0.002 sTN208 119 0018 0064 0015
45 0068 0.027 0043
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Table 5.5¢.

FRESHWATER STICKLEBACKS

2™ Dorsal Spine Length (residual, mm) Pelvic Spine Length {residual, mm)
Lecus Aﬂ:e!e Alleie Frequency p Locus Allele Allele Frequency P
Short Long ] Short Ltong
Oytb 700 ggi3 0736  0.027. STN152 252 gg35 g4p1 0002 **
d % de *
STN® 478 0344 0517  <0.001 310 gps2 o017 0021
20 09271 0184  0.013
No. Lateral Plates No. Posterior Lateral Plates No. Anterior Lateral Plates
Allele Frequency Allele Frequency Allefe Frequency
Locus Allele P Locus Allele p Locus Atlele p
Few Many Few Marny Few Many
* %k - ek -
bAR2 300 (254 0396 <0001 bAR2 300 0251 0400  <0.001 STNG 718 o366 0458 0.011
* ok
S§TN208 7177 ggop 0.034  0.004 STN9G 237  gop3 0078  <0.000 24 5021 0049 0.049
*
STNS 18 0398 0485 0.040
ik
124 0004 0046  0.003
Plate Pattern
Allele Frequency
Locus Allele p
a.3,1 0,3,2 0,33 1,31 1.3.2 1.3.3
*k
. bARZ 300  p2e2 0409 0333  0.402 0.256 0281 0.005
b g
STN$ 778 381 0258 0533 0500 0.437 0344  0.006
x
122 g3 0212 0067  0.113 0113  0.253  0.049
124 : e
0.005 0076 0000  0.039 0.055 0.156 <0.001
1320 (0035 0015 01400 0010 0.046 0000 0.045
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Chapter 5 Association study

Linear Models

The minimal models examining associations between traits and the number of allele
copies are summarised in Tables 5.6, 5.7, and 5.8 and are discussed for each data
set below. Due to the qualitative nature of lateral plate pattern, the significant
associations we observed between alleles at the loci STN9 and bAR2 (Table 5.5¢) in

freshwater sticklebacks could not be explored in a linear model.

Anadromous Data Set (Table 5.6)

We found a significant association between the pooled allele group 129 (locus
STN208) and the total number of lateral plates (Table 5.6a, Figure 5.4a). Individuals
with one copy of an allele in this pooled group had, on average, one more lateral
plate than individuals not poésessing a copy of this allele. The presence or absence
of this allele explained roughly 11% of the variation in total lateral plate number in the
data set. We also found significant associations between the number of antefior |
lateral plates (3 or 4) and the presence or absence of the alleles at three different loci
(allele 100 (ATP1a2), allele 112 (STN9) and the pooled allele group 246 (STN152)).
Individuals with allele 100 (ATP1a2) had significantly more anterior lateral plates than
those without the allele (Table 5.6b, Figure 5.4b), whilst individuais with the allele 112
(STN9) or one of the pooled alleles 246 (STN152) had significantly fewer anterior
lateral plates than those without. Under this model, it is predicted that an individual
with the genotype +/-/- with regards to the alleles 100, 112, 246 respectively would
be more likely to have 4 anterior plates than 3 (Figure 5.5). The anterior lateral plate
model explained 42% of the variation in the data set. Significant associations
between the pooled alleles 125 (STN208) and 133 (STN208) observed when
comparing individuals with long and short 2™ dorsal spinr—;s (Table 5.5a) were not
upheld in our linear model analysis of the entire anadromous data set. The presence

- or absence of either allele did not explain a significant amount of variation in 2"
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dorsal spine length. In anadromous individuals, we also found that individuals with

the allele 237 (STN96) were significantly more likely to have the plate pattern 22,3,4

than the plate pattern 22,3,3 (Table 5.6¢, Figure 5.4¢).

Tables 5.6a-c. Minimal linear models describing variation
between alleles and traits in anadromous sticklebacks.

ANADROMOUS STICKLEBACKS

Table 5.6a
Total Number of Lateral Plates
Term Locus Est:rr{a.ted +-8E fFratio df p
Coefficient
Intercept 27.4394 0.1441
Allele 129p STN208 1.0991 0.3552 9.58 1 0.0027*
Residual mean ss 1.37 77
Proportion of Variation explained by model: 11.06%
Table 5.6b
Number of Anterior Plates
Term Locus Estrm'a Fed +-8E Deviance df p
_ Coefficient
Intercept -1.0647  0.3667
Allele 100 ATP1a2 2.9365 0.8433 17.49 1 0.0000 "
Allele 246p STN152 -8.8874 26.5027 564 1 0.0176"
Allele 112 STN9 -9.7447 24.7085 9.30 1 0.0023*
Residual deviance 56.19 75
Proportion of Variation explained by model: 41.04%
Table 5.6¢
Plate Pattern
Term Locus Esr.ln].a'red +-8E Deviance df p
Coefficiant
Intercept -0.0405 0.4082
Aliels 237 STNGE '2.6027 1.1285 811 1 0.0044™
Residual deviance - 40.15 33 )
Proportion of Variation explained by modsl: 16.80%
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Lateral Plates
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Figure 5.4a ~ 129;18TNEOS)

[

T
|
I
|

{ ateral Plates)
o .
tn

Pr{4 Anterior

Rk

b 4

o

: s

-+ -+ -+
100 246p 112
(ATP1a2) (STN152)(STNG)
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Figures 5.4a-c. Mean trait values {+
SE) for anadromous individuals with
(+) and without (-) copies of alleles
showing significant association with
traits in linear models.
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Figure 5.5. Predicted probability of an anadromous individual of given genoctype having four
lateral plates under binomial linear model plotted against the mean number of anterior lateral
plates (+SE) observed for each genotype. Genotypes are symbolised by the presence-(+} or
absence (-) of a particular allele (specified on the left of the x-axis), and are presented in
order of probability from left to right along the X-axis.
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Chapter 5 Association study

Hybrid Data Set (Table 5.7)

We found significant associations between the total number of lateral plates and thé
alleles 145 (STN208), 128 (STN130), and the allele 800 {Cytb) in hybrid individuals.
On averagé, individuals with a copy of the 145 allele had 6.3 fewer lateral plates
than individuals without this allele. In contrast, individijals with the 128 allele and
mitochondrial cytochrome b 800 allele had on average 5.7 and 3.6 more lateral
plates respectively than individuals without the allele (Table 5.7a, Figure 5.6a)-. The
minimised model predicted that, on average, individuals with the genotype -/+/+ with
regards 1o the alleles 145 (STN208), 128 (STN130) and 800 (Cytb) respectively
would have 22.4 lateral plates, whilst individuals with the genotype +/-/- would have
6.8 lateral plate37 Figure 5.7a depicts the mean number of lateral plates for each of
the sampled genotypes. The minimal model explaining variation in the number of
posterior plafes is almost identical to that of total number of lateral plates {Table
5.7b, Figures 5.6b, 5.7b). This suggests that no explanatory power is gained by
removing variation in anterior lateral plate number. In ooﬁtrast, the model explaining
variation in anterior lateral plate number revealed significant associations with
alleles that were different to those associated with poste‘rior and total lateral plate
number (except the 800 allele (Cytb), Table 5.7c Figuré 5.6¢). it should be noted,
however, that two of these alleles (119 and 146) were from the. same loci as_alleles.
which were associated with posterior and total lateral plate number (STN208 and
STN130 respectively). In adé:lition, the allele 244 (STN152) was negatively
associated with anterior lateral plate number. From the anterior lateral plate model,
it is predicted that on average, individuals with the genotype +/-/-/-, with regards to
the alleles 244 (STN152), 119 (STN208), 146 (STN130) and BbO (Cytb)

respectively, would have 2.1 anterior laterai plates whilst individuals with the
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genotypes -/+/+/+ would have 3.3 anterior lateral plates. The mean anterior plate
number for sampled genotypes, and thus the fit of the model, is depicted in Figure
5.7c. Hybrid individuals with the allele 800 (Cytb) had significantly longer 1 dorsal
spines than individuals with the alternative 700 allele (Table 5.7d, Figures 6d, 7d).
The amount of variation in 1% dorsal spine length explained by the presence and
absence of thié allele was 2.2%. The presence of the 800 allele was also
associated with longer 2™ dorsal spines in contrast to the 195 allele (STN94 locus)
which was associated with shorter 2" dorsal spines (Table 5.7¢). Indi;/iduals with
two copies of the 195 allele had significantly shorter 2™ dorsal spines than
individuals with one copy of the 195 allele (Figure 5.6e). The alleles 195 (STN94)
and 800 (Cytb) explained 6% of the variation in 2™ dorsal spine length and mean
spine length for each genotype is depicted in Figure 5.7e. We detected a positive
association between pelvic spine length and the presence of the 185 (STN94) and
300 (bAR2) alleles (Table 5.7, Figures 6f and 7f}). The presence and absence of

these alleles explains 5.2% of variation in pelvic spine length.
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Tables 5.7a-f. Minimal linear models describing
associations between loci and traits in hybrid
sticklebacks ‘

HYBRID STICKLEBACKS
Table 5.7a
Total Number of Lateral Plates

Estimated R

Term Locus Coefficient +/- SE Fra{fo df p
Intercept ‘13,1140 0.B106
Allele 145 STN208 -6.3390 20923 9.18 1 0.0027*
Allele 128 STN130 57069 20351 7.86 1 0.0054*
Allele 800 Cytb 36463 1.0088 13.07 1 0.0004***

Residual mean ss 73.55 309
Proportion of Variation explained by .
model; - B8.93%
Table 5.7b
Number of Posterior
Plates
Term Locus Esnm.a.ted +~-SE Fratio df p

Coefficient .
Intercept 7.7019 0.7762
Allele 145 STN208 -6.8913 21058 10.71 1 0.0012**.
Allele 128 STN130 55586 19356 8.25 1 0.0044*
Allele 800 Cytb 3.3101 09699 11.65 1 0.0007*
Residual mean ss 66.45 302
Proportion of Variation explained by
model: 9.20%
Table 5.7¢
Number of Anterior
Plates

Estimated £

Term Locus Cosfficient +- 8E ratio da p
Intercept - 2.4327  0.0891
Allele 244 STN152 -0.3465 0.1248 7.70 1 0.0059**
Allele 119 STN208 0.3532 01474 574 1 0.0172*
Allele 146 STN130 0.2867 01443 395 1 0.0478*
Allele 800 Cytb 0.2343 0.0840 7.79 1 0.0056**
Residual mean ss 0.49 297

Proportion of Variation explained by model: 7.83%

humber of L. ateral Plates
o

| (3
[ Y \
12 4 ‘ (2
s | 2% $18 207 19 118 199
- + - + - +
F..g 563 145 128 800 .
(STNZ208) (STN130}  {(Cytb)
18
B §
Zm ‘
i Xqo
g M
TR :
] E 6 - 2
23
= o 291 18 280 19 114 194
Fig5.6b - + - + - +
145 128 800
(STN208) (STN130)  (Cytb)
5 .
R E
£3 N
55| % T
5 525 L2 ¥
LW
£ 3 t |
= 5 268 36 ‘281 25 282 26 114 193

; o
Fig 5.6¢ ,, 119 146 800

(STN152) {STN208) (STN130) (Cytb)

Figures 5.6a-f. Mean trait values (+
SE) for hybrid individuals with
one(+), two(++}, or without {-)
copies of alleles showing significant
association with traits in linear
models. Numbers in plots are
sample sizes (N).
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Table 5.7 continued.

HYBRID STICKLEBACKS
Table 5.7d
“i

1* Dorsal Spine Length ) 02

. i a2 F
Term Locus Esnmla.ted +-8E Fratio df p g E ' {
‘ Coefficient &3 4
Intercept -0.1097 0.0558 ) E%
Allele 800  Cyib 0.1782 0.1248 631 1 0.0125* 8= {
Residual mean ss 0.33 276 5 02 106 172
Proportion of Variation explained by ’ . +

del: 2.24% .
moce. % Fig 5.6d 800

~ {Cytb)
Table 5.7e
2™ porsal Spine Length \
. e 02
Term Locus Estm’r.a.ted +/-8E Fratio df p =
Coefficient 5z I :
Intercept 0.0397 £E : I
&’ o
Allele 195-1copy STNO4 -0.1386 0.0606 6.44 2 0.002* ﬁé I
-2 copies -0.2309 0.0666 6L I
Allele 800 Cytb  0.1062 3.89 1 0.049°* 2 {
Residual mean ss 0.19 N .02 11296 89— 106172
Proportion of Variation explained by model: 5.96% - oM - +
) 195 800
Table 5.7
Pelvic Spine Length P E
Term Locus SO L or Fratio of p £F
Coefficient <4 E 3
Intercept -0.1863  0.0545 ‘ U%-é 01 I
Allele 185 STN94  0.2555 00895 815 1 "0.0046* 2y 3
Allele 300 bAR2 01725 00614 7.88 1 0.0053* &
Residual mean ss 0.19 272 03 T8 206 249 28
Proportion of Variation explained by . + - +
model: 5.13% Fig 5.6f a0
(STN94) (bAR2)

Figure 5.6 continued.
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Figures 5.7a-f (continued next page). Predicted trait score of given genotype plotted
against the mean trait score (+SE) for that genotype, based on linear models performed on
hybrids. Genotypes are symbolised below the x axis by the presence (+) or absence (-) of a
particular allele (specified on the left of the x-axis), and are presented in order of predicted
score from left to right along the x-axis. N represents sample size.
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Figure 5.7a-f. continued.
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Freshwater data set (T able 5.8)

We detected a significant negative association between the allele 300 (bAR2 locus)
and both the total number of lateral plates and the number of posterior lateral plates
(Table 5.8 a and b). Only a small am(.)unt of variation explained by the allele 300 was
lost by removing variation in the number of anterior lateral plates and examining only
variation in the number of posterior lateral plates. Associations between the alleles
118 and 124 (locus STN9) and énterior plate number were not upheld in our linear
model analysis of the entire freshwater data set. However, the number of copies of
the allele 118 (STN9) explained 18% of the variation in 2" dorsal spine length in
freshwater fish (Table 5.8¢). Individuals with two copies of the 118 allele had on
average 2™ dorsal spines 0.26mm greater than individuals with no copies of the 118
allele (Figure 5.8c). Variation in pelvic spine length in freshwater fish was
significantly explained by two alleles (252 and 310} at the locus STN152 (Table
5.8d). The allele 252 was negatively associated with pelvic spine length whilst the
allele 310 was positively associated with pelvic spine '!ength. It is possible that these
alleles are not independént (i.,e. an inérease in the frequency of one allele causes a
corresponding decrease in the dcher allele), however, we believe this is unlikely since

we detected more than 14 alleles at the iocus STN1 52 in the freshwater sample.
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Tables 5.8a-d. Minimal linear models describing associations

between loci and traits in freshwater sticklebacks.
FRESHWATER STICKLEBACKS

Table 5.8a
Total Number of Lateral Plates
Estimated
Term Locus +-8E Fratic df p
Coefficient
Intercept 6.8846 0.3647
Allele 300 -1 copy bAR2 -1.1469  0.4133 9.82 2 0.0000%*
-2 coples -1,7627 0.4084
Residual mean ss 6.89 439
Proportion of Variation explained by modal: 4.31%
A
Table 5.8b
Number of Posterior Plates
Estimated
Term Locus +-SE Fratio df p
Coefficient
Intercept 1.8542 0.3357
Allele 300 —1 copy bAR2 -0.8711  0.3785 741 2 0.0007**
-2 copies -1.3938 0.3760
Residual mean ss 541 411
Proportion of Variation explained by model: 3.48%
Table 5.8¢
2" Dorsal Spine Length
Estimated i
Term Locus +-8E Fratio df p
Coefficient
Intercept -0.0721 0.0364
Allele 118 -1 copy STN130 9.0456 0.0468 1051  2-0.0000***
- 2 coples 0.2629 0.0597 .
Residual mean ss . 1.93 429
Proportion of Variation explained by model: 18.32%
Table 5.8d
Pelvic Spine Length
Estimated i
Term Locus +-8E Fratio df p
Coafficient
Intercept 00158 0.0293
Allele 252 STN152 -0.2618 0.0761 11.83 1 0.0006™""
Allele 310 STN$52 03111 01052 875 1 0.0033""
Residual mean ss 0.30 430
Proportion of Variation explained by model: 4.68%
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models. Figures in plots are sample sizes
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DISCUSSION

Our study of associations between traits and loci in Scottish sticklebacks revealed
both similarities and differences to QTLs underlying variation in traits in other
stickleback populations. The finding of an association between an aliele at the locus
STN208 and the number of lateral plates (both total plates and posterior plates) in
hybrid individuals is consistent with Peichel et al. (2001) who reported that allelés at
the locus STN208 explained 10% of variation in plate number in Priest Lake
sticklebacks (Table 5.1). It is also consistent with Colosimo et al. (2004) who
reported the marker STN218 (close to STN208 on linkage group XXVI) explained 4%
of variation in lateral plate number in their marine-freshwater cross as well as
significant variation in their Friant Lake, California, cross. In the present study we
found that the 145 allele at the STN208 locus was associated with a difference of 7
fewer lateral plates in sticklebacks from a marine-freshwater hybrid zone in the River
Tyne, Scotland. Also in line with another stickleback QTL study (Peichel et al. 2001),
we found significant associétions between the locus STN152 and the number of
anterior lateral plates, and the locus STN94 and pelvic spine length in hybrid
individuals, and an association between the locus STN130 and 2™ dorsal spine
length in freshwater individuals (Table 5.1). The latter association explained a
considerabie amount of variation (18%) in 2" dorsal spine length in the freshwater
sticklebacks. The significant association we detected between 2" dorsal spine
length and STN94 in hybrids is also of note because STN94 is proximal to the marker
Peichel et al. (2001) identified as being linked to a 2™ dorsal spi\ne QTL (STN96,
tinkage group VIl). When taken together, these finaings provide further support for

- the notion that the parallel diVerget"lce in traits between anadromous and freshwater

sticklebacks that has occurred throughout their distribution involves, in part, the same

underlying genetic architecture.
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In addition to the similarities between the results of our study and the previous
studies listed above, we also identified a number of novel associations between loci
and traits that differed to those identified in previous studies. For example, the locus
STN130 was linked to a QTL explaining varialtion in 2™ dorsal spine length and gill
raker number in Priest Lake sticklebacks (Peichel et al. 2001), but in hybrids from the
River Tyne we found an allele at STN130 was significantly associated with Iater—al
plate number. These findings suggest that there are differences in the genetic
architecture underlying lateral plate variation between Canadian and Scottish
sticklebacks. Further, in Scottish sticklebacks multiple QTL could underlie variation
in some traits, since in a few cases (e.g. the number of anterior lateral plates in
hyprid and anadromous individuals) we found that significant but independent
amounts of variation was explained by several alleles at different loci. Flexibility in
the genetic determination of traits may have contributed to the rapid adaptive
radiation in sticklebacks that has occurred in the last 20,000 yearslby allowing
selection pressures in novel environments to favour advantageous mutations at a

number of different locations throughout the genome.

A noticeable trend in our association analysis of hybrid individuals, was the
association between alleles at the mitochondrial cytochrome b locus and several
different traits (lateral plate number, 1% and 2™ dorsal spine length). It is generally
thought that mtDNA is maternally inherited (but see Zouros et al. 1992, Kondo et al.
1992 and Bromham et al. 2003), and as a result, mutations accumulate along
maternal lines. Mutations in the mitochondrial genome are known to have an effect _
on fitness (e.g. Martin and Leob 2004, Wallace 2001) but fitness benefits may
depend on the nuclear genetic background (Hutter and Rand 1995). It is highly
unlikely that the associations we observed between mtDNA alleles and several

different traits are a result of a QTL in the mitochondrial genome. Rather, we argue
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that these consistent associations with several different traits are more likely to stem
from the existence of a high proportion of F1 hybrids in our hybrid sample resulting in
strong cytonuclear disequilibrium. The diagnostic nature of the cytochrome b allele
between anadromous and freshwater sticklebacks in this system means that
associations between the mitochondrial alleles and anadromous and freshwater traits
would be strong in F1 hybrids. Associations might also exist between traits and cther

nuclear loci.

We found only weak evidence of consistent associations in anadromous, freshwater
and hybrid stickiebacks. The loci STN208 and STN152 showed significant’
associations with the total number of lateral plafes and the number of anterior lateral
plates in both anadromous and hybrid individuals. However, the precise alleles
showing associat'ions at these loci differed, with significant differences in lateral plate
number being associated with pooled rare alleles in anadromous individuals.
Additionally, the direction of association of the particulér alleles at the locus STN208
differed (a positive association in anadromous individuals and a negative association
in hybrid individuals). The lack of consistent associations in all three data sets is not
surprising because trait variation differed between anadromous, hybrid and
freshwater individuals and, therefore, we had no reason to expect that we would
detect the same associations between marker loci and traits. For example, a locus
associated with lateral plate number in hybrid individuals might be fixed for low or
high plated alleles in freshwate? and anadromous individuals respectively. If '[-hiS is
the case, then associations we observe in freshwater and anacjrémous sticklebacks
may describe variation explained by QTL of minor effect. Thus, although in
freshwater sticklebacks an allele at the locus STN130 explained 18% of variation in
2" dorsal spine length, this marker may be linked to a QTL of minor effect in terms of
differences in spine length between anadromous and freshwater sticklebacks. In

freshwater sticklebacks, we also found significant associations between alleles at the
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locus bAR2 and the number of lateral plates (total number of plates and posterior
plates) and, at present, the position of this marker on the stickleback linkage map is
~ unknown. In additipn, two different alleles at the locus STN152 were found to be
associated with pelvic spine Iéngth in freshwater individuals. Tﬁe independent
effects of these alleles are interesting blecause STN152 was associated with lateral
plate number, not pelvic spine length, in Priest Lake sticklebacks. This'provides |
further evidence to suggest that differences in QTL exist between Priest Lake and

River Tyne sticklebacks.

This study highlights some of the difficulties encountered when performing
éssociation analyses on a wild population, particularly in hybrid zones. One problem
general to association studies is that tﬁe associations we detect may be “spurious”,
since the large number of tests performed makes association studies prone to
increased type | error rates. In addition, the relatively small sample sizes available
from wild populations combined with high allelic diversity means that the power to
detect associations is low, even if pedigree data are available. Further,
environmental factors (e.g. microhabitat variation) in wild popuiations will lead to
‘increased trait variance (e.g. wear and tear on dorsal spines) compared to laboratory
populations bred under constant conditions, thus reducing the power to detect QTL
even further. Studying marker-trait associations in hybrid zones introduces additional
problems of linkage disequilibrium and epistasis. Although the phenotypic diversity
within hybrid iones makes them useful for studies of QTL associated with species
divergence, one of the major difficulties of our approach is distinguishing between
associations due to physical linkage and associations due to linkage disequilibrium

| and epistasis. Rieseberg-and Buerkle (2002) suggest that careful sampling
strategies avoiding early generation hybrids {e.g. 1 —4" generation) might
circumvent these diﬁiculties, but in a hybrid tension zone rﬁaintained by a balance

between selection and migration, this may be difficult to achieve. Nevertheless, the
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fact that we observed associations between traits and loci that were consistent with
other stickleback populations, despite using d sample of wild sticklebacks of
unknown pedigree, is interesting and suggests that this approach is of use when
studying wild populations and worthy of further investigation. Determining pedigree
structure in wild hybrids may limit spurious associations due to linkage disequilibrium
but would not remove the problem of epistatic effects on a QTL. A further problem is
that thé effect of a QTL on a trait might depend on the environmental badkground
(Verhoeven ef al. 2004), as well as being influenced by the nuclear genetic

background (Mackay 2004).

Despite all of the above mentioned difficulties, the large phenotypic differences
between two source populations and presence of recombinant genotypes within a
hybrid zone provides a good opportunity to study QTL associated with divergence
and speciation in wild populations. In this paper, we have addressed some of the
difficulties of this approach by targeting specific candidate loci and alleles, and
looking for associations in hybrids as well as in source populations. We found
significant associations between traits and loci, some of which were similar and some
of which were different to those found in other stickleback populations. These results
require verification either by constructing pedigrees from wild sticklebacks or
performing laboratory crosses. Nevertheless, our findings suggest both stability and
flexibility in the genetic architecture underlying morphological divergence and parallel
evolution in sticklebacks. It is possible that this flexibility may be the underlying
reason for the rapid, multiple and independent adaptation of anadromous

sticklebacks to freshwater habitats.
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In this thesis | havé highlighted how anadromous and freshwater sticklebacks offer
an excellent opportunity to study the evolution of reproductive isolation. The parallel
divergence of morphotypes and the existence of these forms in sympatry in
estuaries throughout the Northern hemisphere makes them an ideal model system
to investigate questions related to speciation. Although a great deal is already
known about the evolutionary biology of the threespined stickleback (e.g. Bell and
Foster 1894), evidence of both premating and postmating isolation in wild
populations was lacking. Indirect evidence suggests that both occur and that
ecological factors may play a significant role in maintaining divergence between the
morphs (McKinnon and Rundle 2002). This interplay with ecological factors makes
studying wild populations particularly important. The primary aim of this thesis was
to examine premating and postmating isolation of marine and freshwater
sticklebacks in the wild (the River Tyne, East Lothian, Scotland). Here, | summarise
the findings and discuss what implications these have for our understanding of’

divergence between anadromous and freshwater sticklebacks as a whole.

Basic biology and life history of sticklebacks in the River Tyne

Freshwater sticklebacks in the River Tyne have a one year life spah with limited
overlap between generations (Chapter 2). My observations showed that in the River
Tyne the earliest fry hatch in late June, and by September population sizes of
sticklebacks peak (F. Jones, unpublished data). Sticklebacks show very high site
philopatry at all times of the year (F. Jones, unpublished data), although the extent
of dispersal of individuals less than 25mm is unknown (and may occur during (

floods). Migration of juvenile anadromous sticklebacks out to sea appears to occur

[t
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primarily between September and October (Chapter 2). Adult anadromous
sticklebacks migrate from the ocean into the rockpools and Idwer reaches of the
River Tyne between late April and early May to breed. The breeding season of
resident-freshwater sticklebacks starts slightly earlier, with gravid females being
sampled in early April. Freshwater sticklebacks die in July-August shortly after
breeding. It is unknown whether anadromous sticklebacks die or migrate back out -
to sea. Although for freshwater sticklebacks a one-year lifespan is common,
populations of both freshwater and anadromous sticklebacks have been reported to

breed for more than one year elsewhere (Bell and Foster 1994).

Facultative anadromy is likely to have played a significant role in the adaptive
radiation of sticklebacks into freshwater environments throughout their distribution.
The ability of anadromous sticklebacks to migrate' upstream will be impeded by both
natural (e.g. stream gradient) and man-made barriers {e.g. weirs). We found
evidence to suggest that the weir upstream of site 4 in the River Tyne imposed a
significant barrier to upstream migration (Chapter 3) and this is likely to promote
divergence between anadrohous and freshwater sticklebacks. The extent of

downstream geneflow remains to be investigated.

Evidence of morphologiéal and genetic divergence

Anadromous and freshwater sticklebacks in the River Tyne differ signiﬁcantly- ina
number of morphological traits, the most obvious being body size (Chapter 2). The
larger size of anadromous fish is due to their migration into foed-rich marine habitats
(Bell and Foster 1994) but it is also likely to have a genetic basis (Colosimo et al.

2004). Anadromous and freshwater sticklebacks in the Rivér Tyne also differ
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significantly in body shape, plate number (Chapter 2), and spine lengths, however,
comparisons of the spine lengths and other growth-affected traits are difficult to
make across the hybrid zone due to site-specific differences in allometry (Chapter
3). The morphologicél differences we observed between anadromous and
freshwater sticklebacks in the River Tyne are consistent with differences reported in
many other stickleback populations (Hagen 1967, McPhail 1994, Walker and Bell
2000), but are not as extreme as those observed between isolated populations of
anadromous and freshwater sticklebacks in other parts of Scotland (F. Jones, Pers.
Obs.). The relatively small morphological differentiation between sticklebacks in the
River Tyne is most likely due to continuing low levels of geneflow between
anadromous and freshwater morphs. We found significant differences in allele
frequencies between anadromous and freshwater stickiebacks at microsatellite,
intron and mitochondrial markers (Chapters 3, and 4, and unpublished data),

indicating the existence of distinct gene pools.

Evidence for reproductive isolation

In sites 2-4 of the River Tyne, anadromous sticklebacks bred in spatial and temporal
sympatry with resident freshwater sticklebacks (Chapter 2). The frequency of
intermediate morphotypes and individuals of intefmédiate genetlic ancestry during -
this time was relatively low. Within a site, both anadromous and freshwater morphs
were caught in a given trap indicating that microhabitat differences (if they exist at
all) are not strong. A further field based study should verify this and provide further
details regarding the exact Ibcation of nesting sites. Based on their size-
manipulative mate choice experiment, McKinnon et al. (2004) argue that size-

assortative mating (sexual selection) is an important premating barrier between
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anadromous and freshwater stickiebacks. Size-assortative mating appears to be a
common theme in premating isolation of other anadromous and freshwater species
pairs and has been implicated to play a role in premating isolation between char
{Salvelinus malma and S. confluentus, Maekawa ef al. 1993) and salmon (sockeye
and kokanee; Oncorhynchus nerka, Foote and Larkin 1988). However, in sympatric
sticklebacks from the River Tyne, we observed only a weak preference for larger
males and size-assortative mating did not appear to be important in preventing
hybridisation in the experimental ponds (Chapter 2). The semi-natural conditions in
the experimental ponds may differ from conditions in the wild (e.g. lack of water flow,
nesting density, microhabitat structure). On the basis that we found evidence of
reproductive isolation in the wild (Chapfer 3) but not in the experimental pond
manipulation (Chapter 2), it seems Iikely that the environment either mediates
assortative mating between énadromous and freshwater sticklebacks in this river, or
drives selection against hybrid fry. The exact nature of this interaction remains to be
determined, however, some clues may be gained by examining other anadromous-
freshwater species pairs. For example, similar interactions between the
environment and mate choice may also exist in sockeye and kokanee salmon.
Sockeye (anadromous) and kokanee (resident freshwater) salmon have a similar
evolutionary history to that of sticklebacks with parallel divergence in morphology
an.d geneﬁcs throughout their range since the last glacial maximum (Taylor 1999).
There is some evidence to suggest that sockeye and kokanee méte assortatively
(Foote and Larkin 1988) and that this mate choice is primarily based on size. Like
sticklebacks, the form adopting an anadromous life history strategy (sockeye) has a
larger body size at maturity due to the greater productivity of the marine

environment (although body size is also likely to have a genetic component, Hankin
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et al. 1993). When spawning, this size advantage enables sockeye males to out-
compete kokanee males for the best spawning positions and greater body size
makes sockeye females more desirable as mates than kokanee females. In direct
contrast, McLean et al. (2004) found no evidence of size assortative mating in wild
sockeye salmon, but here genetic markers (as apposed to observational data} were
used to assign parentage. This discrepancy may be explained by differences in
experimental approach or environmental variation between rivers. Wood and Foote
(1996) found evidence of differences in spawning microhabitat preference between
sockeye and kokanee salmon (e.g. differences in water velocity, gravel size, and
redd depth at nesting sites). Variation in spawning microhabitat choice may be
mediated via competitive exclusion between the morphs. Therefore, population
density, as well as the number and microhabitat of spawning locations within the
environment may influence the degree of size-assortative mating that occurs within
any‘one sympatric population'. In this way, | argue that the environment plays an
important role in mediétiﬁg reproductive isolation between anadromous and

freshwater fish.

Evidence for postmating isolation

Although we conclude that ecology-dependent reproductive isolation exists between
anadromous and freshwater sticklebacks in the River Tyne, this conclusion is based
on an observed hetgrozygote deficit, and cytonuclear disequilibrium in juveniles. An
alternative explanatioﬁ for these observations would be the occurrence of either
e_ndogenous or exogenous selection againét fry in the wild. Although we did not test

for endogenous selection against hybrid fry directly, we do not beliéve that genetic
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incompatibilities are manifested in River Tyne hybrid fry because we did not cbserve
a deficit of fry from mat{ngs between anadromous and freshwater morphotypes in
our pond experiment (Chapter 2). In contrast, we are unable to rule out the
occurrence of exogenous selection against hybrid fry in the wild River Tyne
population. This remains to be tested by comparing allele frequencies in fry and

juvenile samples from the same cohort.

The relatively high frequency of juvenile hybrid sticklebacks observed in the River
Tyne indicates that premating isolation is not complete. In the absence of selection
against recombinant individuals, the oécurrence of geneflow would have the eftect of
breaking down divergence between anadromous and freshwater sticklebacks.
Therefore, for the observed differences between anadromous and freshwater
sticklebacks in the River Tyne to be maintained, there must be some degree of
postmating isolation either within or without the hybrid zone. [n chapter four, we
outlined several lines of evidence for selection against recombinant individuals (both
genetic hybrids and morphological intermediates) in the River Tyne. These included
a steeper cline in body size than in lateral plate number and body shape which
suggests that body size may be of particular importance for adaptation to alternative
marine and fréshwater environments. In salmonids, body size plays an important
role in the determination of a migration tactic and most evidence suggests that a
size threshold must be reached before migration is adopted (e.g. Theriault and
Dodson 2003, Okland ef al. 1993). Smaller and slower growing fish delay migration
to the following year whilst large fish either migrate or stay resident (Theriault and
Dodson 2003). Standard length in sticklebacks has a heritable component

(Colosimo et al. 2004) and divergence in this trait may reflect trade-offs in growth
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investment in the resource limited freshwater environment. Divergence in body size
is also common in other fish species which show facultative anadromy (e.g. salmon,

Foote and Larkin 1988, trout, Jonsson et al. 2001, charr, Theriault and Dodson

2003).

Other evidence for selection in the River Tyne system includes the reduced -
probability of overwinter survival of genetic hybrids (Chaptef 4). This is most likely
to be a result of exogenous selection against hybrids since genetic incompatibilities
have not been observed in hybrid anadromous-freshwater sticklebacks (McPhail
1994). Our finding contrasts directly with Hagen’s (1967) study of anadromous-
freshwater stickleback hybrids in the Little Campbell River and this difference may
stem from differences in experimental approach or from differences in selection
pressures acting in the two rivers. Reduced overwinter survival may be a result of
inability to survive exposure to extreme winter climatic conditions and this may stem
from decreased energy reserves. For example, Hutchings ef al. (1999) found that
overwinter survival probability in brook trout (Salvelinus fontinalis) was correlated
with the degree of lipid reduction. Climatic conditions over winter are more likely to
affect the survival of hybrids inhabiting freshwater riverine environments because
these environments are less buffered against climatic extremes than the ocean.
However, reduced overwinter survival may also stem from a reduced ability to
survive an anadromous migration, and this might be caused by multiple different
factors (e.g. poor body condi-tion, foraging or homing ability, and increased
susceptibility to predation). Hybrids adopting an anadromous life history strategy
might be more prone to physiological distress due to changes in water chemistry

associated with their life history. Both selection acting on hybrid individuals within
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and outside the hybrid zone in the River Tyne is likely-to be occurring (Chapter 4),
and the migratory behaviour of hybrids should be investigated further. Analysis of
juvenile body condition prior to the onset of winter may also provide clues as tC‘) the
reason for the reduced overwinter survival of hybrids we observed. Aside from
reduced overwinter survival of genetic hybrids, we did not detect any other strong
evidence of reduced fitness. Female genetic hybrids surviving to the breeding
season have equal probability of being gravid in the breeding season, and juvenile
gehetic hybrids were of intermediate body size, compared to anadromous and
freshwater individuals. In this analysis, body size was regarded as an indirect
measure of fithess because it is correlated with reproductive success, however, it
should be noted that intermediacy in body size, or other traits, may render a hybrid

individual less fit in either freshwater or marine envircnments.

Independent of genetic ancestry, we found further evidence of selection against a
specific trait; lateral plate number (Chapter 4). Lateral plate morphology is one of
the most studied traits in the threespined stickleback, yet the factors influencing its
repeated divergence in stickleback populations are poorly understood. To my
knowledge we are the first to find evidence for selection acting on intermediate
lateral plate morphology in a wild stickleback population. Females of intermediate
plate number in the River Tyne were of smaller size in the juvenile stage, showed
reduced probability of overwinter survival and reduced probability of being gravid. It
is likely that reduced juvenile body size in females of intermediate plate number has
knock-on effects on overwinter survival and adult reproductive ability. The finding of
reduced fitness in females but not in males, is particularly interesting because it

suggests sex-biased selection. Whilst a purel‘y genetic basis for the observed
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reduced fithess cannot be ruled out (e.g. Rand et al. 2001 suggest sex bias‘ed
selection is necessary to maintain functional cytonuclear epistasis_between genes), |
propose that reduced fitness in females is likely to have an ecological basis (such as
sex differences in foraging behaviour or parasite load) and this is currently being

investigated.

This study provides the first direct evidence of selection against hybrids and
intermediate morphotypes in the wild. Previous laboratory experiments (Hagen
1967, McPhail 1994) and obéervations of a wild population (Hagen 1967) failed to
find hybrid inviability. This contrasts with our results and highlights the importance
of ecology-dependent selection as a postmating barrier to geneflow. The influence
of environment on the occurrence of hybridisation is a recurring theme in fish
speciation but the relative importance of premating and postmating barriers to
reproductive isolation appear to differ with both the environments and species
involved. Conclusions from our study of postmating isolation between anadromous
and freshwater sticklebacks are similar to those drawn from a study of coastal
cutthroat and coastal steelhead trout (Ostberg et af. 2004), but in direct contrast to
conclusions drawn from studies of postmating isolation in cutthroat and rainbow
trout (e.g. Leary et al. 1995). In laboratory conditions, Leary and colleagues (1995)
found reduced hybrid survival of hybrid cutthroat and rainbow trout. Spatial and
temporal differences in spawning behaviour are thought to play a major role in.
premating isolation between coastal cutthroat and rainbow trout {Oncorhynchus
clarki and O. mykiss, Hitt et al. 2003) and differences in environmental conditions
influences the occurrence of hybridisation (Campton and Utter 1987, Young et al.

- 2001). Where hybridisation does occur, postmating isolation may preserve species
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integrity since backcrosses are less frequent than expected under an-assumption of
equal fitness (Young et al. 2001). However, in a detailed study of wild stream-
resident populations of trout no evidence of hybrid inferiority was observed {(Rubidge

and Taylor 2004).

Associations between traits and markeré

In Chapter five, we investigated associations between candidate marker loci and
traits and found that some loci associated with traits in a Canadian lake population
were also associated with traits in sticklebacks from the River Tyne. In common
with previous studies (Peichel et al. 2001, Colosimo et al. 2004), we found the loci
STN208 and STN152 to be associated with lateral plate number, and STN94 to be
associated with pelvic spine length in hybrids. We also found the locus STN130 to
be associated with 2" dorsal spine length in freshwater sticklebacks from the River
Tyne. These findings suggest that, in part, the same underlying genetic architecture
is involved in the parallel divergence in traits between anadromous and freshwater
sticklebacks in different parts of their distribution. However, the finding of statistical
associations between markers and traits that were'not observed in other stickleback
populations, is indicative of flexibility in the underlying genetic architecture
associated with trait divergence/evolution in sticklebacks. This analysis highlighted
some of the major'd_rawbacks of studying marker associations in wild populations
and hybrid zones in particular. Spurious associations are likely to exist due to the
large number of tests performed, as well as the presence of linkage disequilibrium or
epistatic selection (selection for particular gene combinations) in the hybrid sample.

Determining family structure in samples from the wild, and applying a transmission-
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disequilibrium test may provide a more powerful approach for detecting true

associations (i.e. associations due to physical linkage) between traits and markers.

Conclusions

My study of sticklebacks in the River Tyne, Scotland has shown empirical evidence
of both reproductive isolation in the form of postmating barriers to geneflow between
anadromous and freshwater sticklebacks. The finding of reproductive isolation in
wild populations of anadromous and freshwater sticklebacks is consistent with
laboratory based studies of assortative mating (e.g. Hagen 1967, Ziuganov 1995,
Scott 2004, McKinnon et al, 2004), but is unique in showing direct evidence for
postmating isolation in a wild population (compare to Hagen 1967). Premating
barriers to geneflow between River Tyne sticklebacks may exist and could involve
ecology-dependent assortat-ive mating. Additional postmating barriers to geneflow
include selection against individuals of hybrid genetic ancestry, as well as sex-

~ biased selection against intermediate lateral plate morphotypes. From my findings it
is apparent that ecology-dependent selection plays a large role in maintaining or

driving divergence between anadromous and freshwater sticklebacks.

Future directions

As the first detailed genetic study of a stickleback hybrid zone, this work lays the

- foundation for many future studies and highlights the utility of in situ studies of wild
stickleback populations. Throughout this thesis, | have outlined areas requiring
further investigation wﬁich would supplement our understanding ot stickleback
evolution. The exisfence of microhabitat variation in nesting sites, early hybrid fry

mortality, and ecology-dependent courtship behaviour should be investigated in the
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wild. The migratory behaviour of hybrids and whether the reduced overwinter
survival of genetic hybrids is due to limited energy reserves are areas also worthy of
investigation. Whether developmental instability, increased parasite load or
diminished foraging efficiency causes reduced juvenile size of females with
intermediate plate morphology is already being investigated and will provide iﬁsight
into the immediate factors maintaining divergence in lateral plate morphology. The
existence of family structure and relatedness of '.individuals within the River Tyne
would also be an interesting area of further investigation and the presénce of
sibships may provide a more statistically robust méthod of detecting associations
between marker loci and traits. Since ecology-dependent selection is important in
maintaining divergence between anadromous and freshwater sticklebacks in this
river system, a comparison of other hybrid zones in a number of rivers using the
same genetic approach would enable the generality of factors affecting divergence

between stickiebacks 1o be assessed.

202



References

REFERENCES

Arnold J, Asmussen MA, Avise JC (1988) An Epistatic Mating System Model Can
Produce Permanent Cytonuclear Disequilibria in a'Hybrid Zone.
Proceedings of the National Academy of Sciences of the United States
of America 85, 1893-1896.

Arnold, M.L. (1997) Natural Hybridization and Evolution. Oxford University Press,
Oxford.

Baker JA (1994) Life history variation in female threespine stickleback. In:
Evolutionary biology of the threespine stickleback (eds. Bell MA, Foster
SA), pp. 144-187. Oxford University Press, Oxford.

Bakker TCM, Kunzler R, Mazzi D (1999} Sexual selection - Condition-related mate
choice in sticklebacks. Nature 401, 234-234.

Bakker TCM, Milinski M (1991} Sequential Female Choice and the Previous Male
Effect in Sticklebacks. Behavioral Ecology and Sociobiology 29, 205-
210. .

Bakker TCM, Milinski M (1993) The Advantages of Being Red - Sexual Selection in

~ the Stickleback. Marine Behaviour and Physiology 23, 287-300.

Bakker TCM, Rowland WJ (1995) Male mating preference in sticklebacks: Effects of
repeated testing and own attractiveness. Behaviour 132, 935-949.

Barber I, Armott SA, Braithwaite VA, Andrew J, Huntingford FA (2001} Indirect
fitness consequehces of mate choice in sticklebacks: offspring of
brighter males grow slowly but resist parasitic infections. Proceedings
of the Royal Society of London Series B-Biological Sciences 268, 71-
76.

Barton NH, Baird SJ (1998) ANALYSE: Software for Analysis of Geographic
Variation and Hybrid Zones, version 1.30.

Barton NH, Charlesworth B (1984) Genetic Revolutions, Founder Effects, and
Speciation. Annual Review of Ecology and Systematics 15, 133-164.

Barton NH, Keightley PD {2002) Understanding quantitative genetic variation.
Nature Reviews Genetics 3, 11-21.

Basten CJ, Asmussen MA (1997) The Exact Test for Cytonuclear Disequilibria.
Gengtics 146, 1165-1171.

203



References

Baumgartner JV (1995) Phenotypic, Genetic, and Environmental Integration of
Morphology in a Stream Population of the Threespine Stickleback,
Gasterosteus-Aculeatus. Canadian Journal of Fisheries and Aquatic
Sciences 52, 1307-1317.

Baumgartner JV, Bell MA (1984) Lateral Plate Morph Variation in California
Populations of the Threespine Stickleback, Gasterosteus-Aculeatus.
Evolution 38, 665-674.

Bell MA, Aghirre WE, Buck NJ {(2004) Twelve years of contemporary armor
evolution in a threespine stickleback population. Evolution 58, 814-824.

Bell MA, Foster SA (1994) Evolutionary Biclogy of the Threespine Stickleback, 1st
edn. Oxford University Press, Oxford.

Bentzen P, McPhail JD (1984) Ecology and Evolution of Sympatric Sticklebacks
(Gasterosteus) - Specialization for Alternative Trophic Niches in the

. Enos Lake Species Pair. Canadian Journal of Zoology-Revue
Canadienne De Zoologie 62, 2280-2286.

Bernatchez L, Vuorinen JA, Bodaly RA, Dodson JJ (1996) Genetic evidence for
reproductive isolation and multiple origins of sympatric trophic ecotypes
of whitefish (Coregonus). Evolution 50, 624-635.

Boughman J (2001) Divergent sexual selection enhances reproductive isolation in
sticklebacks. Nature 411, 944-948

Boule F, Fitzgerald GJ (1989) The Role of Selected Environmental-Factors and Sex-
Ratio Upon Egg-Production in 3-Spine Sticklebacks, Gasterosteus-

. Aculeatus. Canadian Journal of Zoology-Revue Canadienne De
Zoologie 67, 2013-2020.

Boulton G, Peacock JD, Sutherland DG (1985) Quaternary. In: The Geoldgy of
Scotland (ed. Craig GY), pp. 503-543. Geological Society, London.

Braithwaite VA, Odling-Smee L {1999) The paradox of the stickleback: different yet
the same. Trends in Ecology & Evolution 14, 460-461.

Breden F, Novinger D, Schubert A (1995) The Effect of Experience on Mate Choice
in the Trinidad Guppy, Poecilia-Reticulata. Environmental Biology of
Fishes 42, 323-328.

Bromham L, Eyre-Walker A, Smith NH, Smith JM (2003) Mitochondrial Steve:
paternal inheritance of mitochondria in humans. Trends in Ecology &
Evolution 18, 2-4.

204



References

Buckley SH, Tregenza T, Butlin RK (2003) Transitions in cuticular composition
across a hybrid zone: historical accident or environmental adaptation?
Biological Journal of the Linnean Society 78, 193-201.

Butlin R (1998) What Do Hybrid Zones in General, and the Chorthippus parallelus
Zone in Particular, Tell Us about Speciation? In: Endless Forms
Species and Speciation (eds. Howard DJ, Berlocher SH), pp. 367-378.
Oxford University Press, Oxford.

Butlin RK, Ritchie MG, Hewitt GM (1891) Comparisons among Morphological
Characters and between Localities in the Chorthippus-Parallelus Hybrid
Zone {Orthoptera, Acrididae). Philosophical Transactions of the Royal
Society of London Series B-Biological Sciences 334, 297-308.

Campbell RN (1985) Morphological Variation in the 3-Spined Stickleback
(Gasterosteus-Aculeatus) in Scotland. Behaviour 93, 161-168.

Campton DE, Utter FM (1987) Genetic-Structure of Anadromous Cutthroat Trout
(Salmo-Clarki- Clarki) Populations in the Puget-Sound Area - Evidence
for Restricted Gene Flow. Canadian Journal of Fisheries and Aquatic
Sciences 44, 573-582. ‘

Colosimo PF, Peichel CL, Nereng K, et al. (2004) The genetic architecture of
parallel armor plate reduction in threespine sticklebacks. Plos Biology
2, 635-641.

Craig JK, Foote CJ (2001) Countergradient variation and secondary sexual color:
Phenoctypic convergence promotes genetic divergence in carotenoid
use between sympatric anadromous and nonanadromous morphs of
sockeye salmon (Oncorhynchus nerka). Evolution 55, 380-391.

‘Cresko WA, Baker JA (1996). Two morphotypes of lacustrine threespine

' sticklehack, Gasterosteus aculeatus, in Benka Lake, Alaska.
Environmental Biology of Fishes 45, 343-350.

Cresko WA, Amores A, Wilson C, et al. (2004) Parallel genetic basis for repeated

' evelution of armor loss in Alaskan threespine stickleb'ack populations.
Proceedings of the National Academy of Sciences of the United States
of America 101, 6050-6055, '

Dagley JR, Butlin RK, Hewitt GM (1994) Divergence in Morphology and Mating
Signals, and Assortative Mating among Populations of Chorthippus-
Parallelus (Orthoptera, Acrididae). Evolution 48, 1202-1210.

205



References

Darwin CR (1859) On the Origin of Species John Murray, London.

de Queiroz K (1997) The general lineage concept of species, sepecies criteria, and
the process of speciation: A conceptual unification and terMinoIogicaI
recommendations. In: Proceedings of Endless Forms: Species and
Speciation. )

Dobzhansky T (1951) Genetics and the Origin of Species, 3rd edn. Columbia
University Press, New York.

Duchesne P, Godbout MH, Bernatchez L (2002) PAPA (package for the analysis of
parental allocation): a computer program for simulated and real
parental allocation. Molecular Ecology Notes 2, 191-193.

Edwards AWF (1972) Likelihood. Cambridge University Press, Cambridge.

Eldredge N & Cracraft J (1980). Phylogenetic patterns and the evolutionary process.
New York: Columbia University Press.

Endler JA {1995) Multiple-Trait Coevolution and Enviro‘nmental Gradients in
Guppies. Trends in Ecology & Evolution 10, 22-29.

Falush D, Stephens M, Pritchard JK (2003) Inference of population structure using
multilocus genotype data: Linked loci and correlated allele frequencies.
Genetics 164, 1567-1587.

Ferris C, King RA, Gray AJ (1997) Moléecular evidence for the maternal parentage in
the hybrid origin of Spartina anglica. Molecular Ecology 6, 185-187.

Fitzgerald GJ, Caza N (1993) Parental Investment in an Anadromous Population of
Threespine Sticklebacks - an Experimental-Study. Evolutionary
Ecology 7, 279-286.

Foote CJ, Larkin PA (1988) The Role of Male Choice in the Assortative Mating of
Anadromous and Non-Anadromous Sockeye Salmon (Oncorhynchus-
Nerka). Behaviour 106, 43-62.

Foote CJ, Mayer |, Wood CC, Clarke WC, Blackburn J (1994) On the
Developmental Pathway to Nonanadromy in Sockeye-Salmon,
Oncorhynchus-Nerka. Canadian Journal of Zoology-Revue
Canadienne De Zoologie 72, 397-405. "

Giles N (1983) The Possible Role of Environmental Calcium Levels During the
Evolution of Phenotypic Diversity in Outer-Hebridean Populations of the
3-Spined Stickleback, Gasterosteus-Aculeatus. Journal of Zoology 199,
535-544.

206



References

Glorioso N, Filigheddu F, Troffa C, et al. (2001) Interaction of alpha(1)-Na,K-ATPase
and Na,K,2Cl-cotransporter genes in human essential hypertension.
Hypertension 38, 204-209.

Goldschmidt T, Foster SA, Sevenster P (1992) Inter-Nest Distance and Sneaking in
the 3-Spined Stickieback. Animal Behaviour 44, 793-795.

Goodman SJ, Barton NH, Swanson G, Abernethy K; Pemberton JM (1999)
Introgression through rare hybridization: A genetic study of a hybrid
zone between red and sika deer (genus Cervus) in Argyll, Scotland.
Genetics 152, 355-371.

Goudet J (2002) FSTAT (vers 2.9.3.2) Software for F statistics.

Guderley HE (1994) Physiological ecology and evolution of the threespine
stickleback. In: Evolutionary biology of the threespine stickleback {eds.
Bell MA, Foster SA), pp. 85-113. Oxford University Press, Oxford.

Hagen DW (1967) Isolating Mechanisms in Threespine Sticklebacks (Gasterosteus).
Journal of the Fisheries Research Board of Canada 24, 1637-1692.

Hagen DW, Moodie GEE (1982) Polymorphism for Plate Morphs in Gasterosteus-
Aculeatus on the East Coast of Canada and an Hypotheéis for Their
Global Distribution. Canadian Journal of Zoology-Revue Canadienne
De Zoologie 60, 1032-1042.

Haldane JBS (1922) Sex-ration and unisexual sterility in hybrid animals. Journal of
Genetics 12, 101-109.

Hankin DG, Nicholas JW, Downey TW (1993) Evidence for inheritance of age of
maturity in chinook salmon (Oncorhynchus tshawytshca). Canadian
Journal of Fisheries and Aquatic Sciences 50, 347-358.

Harwood AJ, Metcalfe NB, Griffiths SW, Armstrong JD {2002) Intra- and inter-
specific competition for winter concealment habitat in juvenile
salmonids. Canadian Journal of Fisheries and Aquatic Sciences 59,
1515-1523.

Hatfield T, Schiuter D (1996). A test for sexual selection on hybrids of two sympatric
sticklebacks. Evolution 50, 2429-2434,

Hatfield T, Schiuter D (1999). Ecological speciation in sticklebacks: Environment-
dependent hybrid fitness. Evolution 53, 866-873.

207



References

Hay DE, McPhail JD (1975) Mate selection in threespine sticklebacks
{Gasterosteus). Canadian Journal of Zoology-Revue Canadienne De
Zoologie 53, 441-450.

Hay DE, McPhail JD (2000) Courtship behaviour of male threespine sticklebacks
{Gasterosteus aculeatus) from old and new hybrid zones. Behaviour
137, 1047-1068.

Hellqvist A, Bornestaf C, Borg B, Schmitz IVI.'(2004) Cloning and sequencing of the
FSH-beta and LH beta-subunit in the three-spined stickleback,
Gasterosteus aculeatus, and effects of photoperiod and temperature on
LH-beta and FSH-beta mRNA expression. General and Comparative
Endocrinology. 135, 167-174.

Hewitt GM (1988) Hybrid Zones - Natural Laboratories for Evolutionary Studies.
Trends in Ecology & Evolution 3, 158-167.

Higuchi M, Goto A (1996) Genetic evidence supporting the existence of two distinct
species in the genus Gasterosteus around Japan. Environmental
Biology of Fishes 47, 1-16.

Hill GE (1999} Is there an immunological cost to carotenoid-based ofnamental
coloration? American Naturalist 154, 589-595.

Hiscock MJ, Scruton DA, Brown JA, Pennell CJ (2002) Diel activity pattern of
juvenile Atlantic salmon (Salmo salar) in early and late winter.
Hydrobiologia 483, 161-165. ,

Hitt NP, Frissell CA, Muhlfeld CC, Allendorf FW (2003) Spreadr of hybridization
between native westslope cutthroat trout, Oncorhynchus clarki lewisi,
and nonnative rainbow trout, Oncorhynchus mykiss. Canadian Journal
of Fisheries and Aquatic Sciences 60, 1440-1451.

Hoogland, Morris, and Tinbergen (1957) The spines of sticklebacks (Gasterosteus
and Pygosteus) as a means of defence against predators (Perca and
Esox). Behavior 10:205-236.

Houde AE, Endler JA (1990) Correlated Evolution of Female Mating Preferences
and Male Color Patterns in the Guppy Poecilia-Reticulata. Science 248,
1405-1408.

Ishikawa M, Mori S (2000) Mating success and male courtship behaviors in three
populations of the threespine stickleback. Behaviour 137, 1065-1080.

208



Heferences

Jiggins CD, Mallet J (2000) Bimodal hybrid zones and speciation. Trends in Ecology
& Evolution 15, 250-255.

" Jonsson B, Jonsson N, Brodtkorb E, Ingebrigtsen PJ (2001) Life-history traits of
Brown Trout vary with the size of small streams. Functional Ecology 15,
310-317.

Kavanagh KD (2000) Larval brooding in the marine damseifish Acanthochromis
polyacanthus (Pomacentridae) is correlated with highly divergent
morphology, ontogeny and lift-history traits. Bulletin of Marine Science
66, 321-337.

Kingsolver JG, Hoekstra HE, Hoekstra JM, et al. (2001} The strength of phenotypic
selection in natural populations. American Naturalist 157, 245-261.

Kondo R, Matsuura ET, Chigusa S| (1992} Further Observation of Paternal
Transmission of Drosophila Mitochondrial-DNA by Pcr Selective

' Amplification Method. Genetical Research 59, 81-84.

Kraak SBM, Bakker TCM (1998) Mutual mate choice in sticklebacks: attractive
males choose big females, which lay big eggs. Animal Behaviour 56,
859-866.

Kraak SBM, Bakker TCM, Mundwiler B (1999) Sexual selection in sticklebacks in
the field: correlates of reproductive, mating, and paternal success.
Behavioral Ecology 10, 696-706.

Kraak SBM, Mundwiler B, Hart PJB (2001). Increased number of hybrids between
benthic and limnetic three-spined sticklebacks in Enos Lake, Canada,
the collapse of a species pair? Journal of Fish Biology 58, 1458-1464.

Kruuk LEB (1997} Barriers to gene flow: a Bombina (fire-bellied toad) hybrid z'one
and multilocus cline theory. PhD thesis, University of Edinburgh.

Kruuk LEB, Gilchrist JS, Barton NH (1999) Hybrid dysfunction in fire-bellied toads
(Bombina). Evolution 53, 1611-1616.

Kunzler R, Bakker TCM (2001) Female preferences for single and combined traits in
computer animated stickleback males. Behavioral Ecology 12, 681-
685.

Laland KN (1994) On the Evolutionary Consequences of Sexual Imprinting.
Evolution 48, 477-489.

Lande R, Arnold SJ (1983) The Measurement of Selection on Correlated
Characters. Evolution 37, 1210-12286.

209



References

Landry C, Garant D, Duchesne P, Bernatchez L. (2001) ‘Good genes as
heterozygosity': the major histocompatibility complex and mate choice
in Atlantic salmon (Salmo salar). Proceedings of the Royal Society of
London Series B-Biological Sciences 268, 1‘279-1285.

Largiader CR, Fries V, Bakker TCM (2001) Genetic analysis of sneaking and egg-
thievery in a natural population of the three-spined stickleback
(Gasterosteus aculeatus L.). Heredity 86, 459-.468.

Largiader CR, Fries V, Kobler B, Bakker TCM (1999) Isolation and characterization
of microsatelilite loci from the three-spined stickleback (Gasterosteus
aculeatus L.). Molecular Ecology 8, 342-344.

Leary RF, Allendorf FW, Sage GK (1995) Hybridization and introgression between
in'troduced and natrive fish. American Fisheries Society Symposium 15,
91-101.

Lewontin RC (1988) On measures of gametic disequilibrium genetics. Genetics 120,
849-852. ‘

Mackney PA, Hughes RN (1995) Foraging behaviour and memory window in
sticklebacks. Behaviour 132, 1241-1253.

Maekawa K, Hino T, Nakano S, Smoker WW (1993) Mate Preference in
Anadromous and Landlocked Dolly Varden (Salvelinus-Malma)
Females in 2 Alaskan Streams. Canadian Journal of Fisheries and

| Aguatic Sciences 50, 2375-2379.

Magurran AE, Ramnarine IW (2004) Learned mate recognition and reproductive
isolation in gﬁppies. Animal Behaviour 67, 1077-1082.

Mallet J (2005} Preprint - Species concepts. In: Evolutionary Genetics: Concepts

| and Case Studies (Eds. Fox, C.W. & Wolf, J.B.). Oxford University
Press, Oxford.

Malmquist HJ (1992) Phenotype-Specific Feeding-Behavior of 2 Arctic Charr
Salvelinus-Alpinus Morphs. Oecologia 92, 354-361.

Marchant AD (1988) Apparent Introgression of Mitochondrial-DNA across a Narrow

Hybrid Zone in the Caledia-Captiva Species-Complex. Heredity 60, 39-

46. :

. Marshall JC, Sites JW (2001) A comparison of nuclear and mitochondrial dine

shapes in a hybrid zone in the Sceloporus grammicus complex

(Squamata : Phrynosomatidae). Molecular Ecology 10, 435-449.

210



References

* Martin GM, Loeb LA (2004) Ageing - Mice and mitochondria. Nature 429, 357-+.

Mayr E {1942) Systematics and the origin of species Columbia University Press,
New York.

McDowall RM (2001) Diadromy, diversity and divergence: implications for speciétion
processes in fishes. Fish Fisheries 2, 278-285.

McGuigan K, Phillips PC, Postlethwait JH (2004) Evolution of sarcomeric myosin

| heavy chain genes: evidence from fish. Molecular Biology and
Evolution. 21, 1042-1056.

McKinnon J (1996) Red colouration and male parental behaviour in the threespine
stickleback. Journal of Fish Biology 49, 1030—1033..

McKinnon J, and Rundie HD (2001) Speciation in the threespined stickleback.
Trends in Ecology and Evolution 17 (10): 480-488.

McKinnon J, Rundle HD (2002) Speciation in nature: the threespine stickleback
mode! systems. Trends in Ecology & Evolution 17, 480-488.

McKinnon JS, Mori S, Blackman BK, et al. (2004) Evidence for ecology's role in
speciation. Nature 429, 294-298. '

McLean JE, Bentzen P, Quinn TP (2004) Does size matter? Fitness-related factors

| in steelhead trout determined by genetic parentage assignment.
Ecology 85, 2979-2985.

McLennan DA, McPhail JD {1990) Experimental Investigations of the Evolutionary
Significance of Sexually Dimorphic Nuptial Coioration in Gasterosteus-
Aculeatus (L) - the Relationship between Male Color and Female
Behavior. Canadian Journal of Zoology-Revue Canadienne De
Zoologie 68, 482-492. _

McPhail JD (1984). Ecology and evolution of sympatric sticklebacks (Gasterosteus):
morphological and genetic evidence for a species pair in Enos Lake,
British Columbia. Canadian Journal of Zoology-Revue Canadienne De
Zoologie 62, 1402-1408.

McPhail JD (1992). Ecology and evolution of sympatric sticklebacks (Gasterosteus):
evidence for a species-pair in Paxton Lake, Texada Island, British
Columbia. Canadian Journal of Zoology-Revue Canadienne De
Zoologie 70, 361-369.

211



References

McPhail JD (1993). Ecology and Evolution of Sympatric Sticklebacks (Gasterosteus}
- Origin of the Species Pairs. Canadian Journal of Zoology-Revue
Canadienne De Zoologie 71, 515-523.

McPhail JD (1994) Speciation and the evolution of reproductive isolation in the
sticklebacks (Gasterosteus) of south-western British Columbia. In:
Evolutionary biology of the threespine stickleback (eds. Bell MA, Foster
SA), pp. 399-437. Oxford University Press, Oxford.

McPhail JD, Hay DE (1983) Differences in Male Courtship in Fresh-Water and
Marine Sticklebacks (Gasterosteus-Aculeatus). Canadian Journal of
Zoology-Revue Canadienne De Zoologie 61, 292-297.

Meldgaard T, Nielsen EE, Loeschcke V (2003) Fragmentation by weirs in a riverine
system: A study of genetic variation in time and space among
populations of European grayling (Thymallus thymallus) in a Danish
river system. Conservation Genetics 4, 735-747.

Milinski M, Bakker TCM (1990) Female Sticklebacks Use Male Coloration in Mate
Choice and Hence Avoid Parasitized Males. Nature 344, 330-333.

Milinski M, Bakker TCM (1992) Costs Influence Sequential Mate Choice in
Sticklebacks, Gasterosteus-Aculeatus. Proceedings of the Royal
Society of London Series B-Biological Sciences 250, 229-233.

Moore WS (1977) Evaluation of Narrow Hybrid Zones in Vertebrates. Quarterly
Review of Biology 52, 263-277.

Nagel L, Schluter D (1998) Body size, natural selection, and speciation in
sticklebacks. Evolution 52, 209-218.

Noor MAF (1999) Reinforcement and other consequences of sympatry. Heredity 83,
503-508.

Nurnberger B, Barton N, MacCallum C, Gilchrist J, Appleby M (1995) Natural
selection on quantitative traits in the Bombina hybrid zone. Evolution
49, 1224-1238.

Okland F, Jonsson B, Jensen AJ, Hansen LP (1993) Is There a Threshold Size
Regulating Seaward Migration of Brown Trout and Atlantic Salmon.
Journal of Fish Biology 42, 541-550.

Orr HA (1995) The population-genetics of speciation - the evolution of hybrid
incompatibilities. Genetics 139 (4): 1805-1813.

212



References

Ostberg CO, Slatton SL, Rodriguez RJ (2004) Spatial partitioning and asymmetric
hybridization among sympatric coastal steelhead trout (Oncorhynchus
mykiss irideus), coastal cutthroat trout (O-clarki clarki) and interspecific
hybrids. Molecular Ecology 13, 2773-2788.

Panhuis TM, Butlin R, Zuk M, Tregenza T {2001) Sexual selection and speciation.
Trends in Ecologyi& Evolution 16, 364-371.

Parrish DL, Hawes EJ, Whalen KG (2004) Winter growth and survival of juvenile
Atlantic salmon (Salmo salar) in experimental raceways. Canadian
Journal Of Fisheries And Aquatic Sciences 61, 2350-2357.

Peichel CL, Nereng KS, Ohgi KA, et al. (2001) The genetic architecture of
divergence between threespine stickleback species. Nature 414, 901-
905. .

Pritchard JK, Donnelly P (2001) Case-control studies of association in structured or
admixed populations. Theoretical Population Bioclogy 60, 227-237.

Pritchard JK, Stephens M, Donnelly P (2000) Inference of popﬁlation structure using

~multilocus genotype data. Genetics 155, 945-959.

Pritchard JK, Stephens M, Rosenberg NA, Donnelly P (2000) Association mapping
in structured populations. American Journal of Human Genetics 67,
170-181.

" Rafinski J, Banbura J, Przybylski M (1989) Genetic Differentiation-of Fresh-Water
and Marine Sticklebacks, (Gasterosteus-Aculeatus) of Eastern-Europe.
Zeitschrift Fur Zoologische Systematik Und Evolutionsforschung 27,
33-43. '

Rand DM, Clark AG, Kann LM (2001) Sexually antagonistic cytonuclear fithess
interactions in Drosophila melanogaster. Genetics 159, 173-187.

Redenbach Z, Taylor EB (2003) Evidence for bimodal hybrid zones between two
species of char (Pisces : Salvelinus) in northwestern North America.

~ Journal of Evolutionary Biology 16, 1135-1148. ‘

Reimchen TE (1983) Structural Reiationships between Sbines and Lateral Plates in
Threespine Stickleback (Gasterosteus-Aculeatus). Evolution 37, 831-
946. .

Reimchen TE (1992) Injuries on Stickleback from Attacks by a Toothed Predator
(Oncorhynchus) and Implications for the Evolution of Lateral Plates.
Evolution 46, 1224-1230.

213



References

Reimchen TE (1994) Predators and morphological evolution in threespine
stickleback. In: Evolutionary biclogy of the threespine stickleback (eds.
Bell MA, Foster SA), pp. 85-113. Oxford University Press, Oxford.

Reimchen TE (2000) Predator handling failures of lateral plate morphs in
Gasterosteus aculeatus: Functional implications for the ancestral plate
condition. BEHAVIOUR Canada Univ Victoria, Dept Biol, Victoria, BC
V8W 2Y2, Canada 137, 1081-1096.

Reimchen TE, Nosil P (2001a) Ecological causes of sex-biased parasitism in
threespine stickleback. Biological Journal of the Linnean Society 73,
51-63.

Reimchen TE, Nosil P (2001b} Lateral plate asymmetry, diet and parasitism in

ﬁ threespine stickleback. Journal of Evolutionary Biology 14, 632-645.

Reusch TBH, Haberli MA, Aeschlimann PB, Milinski M (2001) Female sticklebacks
couﬁt alleles in a strategy of sexual selection explaining MHC
polymorphism. Nature 414, 300-302.

Reznick DN, Shaw FH, Rodd FH, Shaw RG (1997) Evaluation of the rate of
evolution in natural populations of guppies (Poecilia reticulata). Science
275, 1934-1937.

Rico C, Tumer GF (2002) Extreme microallopatric divergence in a cichlid species
from Lake Malawi. Molecular Ecology 11, 1585-1590.

Ridgway MS, McPhail JD (1984). Ecology and Evolution of Sympatric Sticklebacks
(Gasterosteus) - Mate Choice and Reproductive Isolation in the Enos
Lake Species Pair. Canadian Journal of Zoology-Revue Canadienne
De Zoologie 62, 1813-1818. ‘

Ridley M (1997) Evolution. 2nd ed. Oxford University Press, Oxford.

Rieseberg LH, Buerkle CA (2002) Genetic mapping in hybrid zones. American

~ Naturalist 159, $36-S50.

Rieseberg LH, Whitton J, Gardner K (1999) Hybrid zones and the genetic
architecture of a barrier to gene flow between two sunflower species.
Genetics 152, 713-727.

214



References 7

Ritchie MG, Butlin RK, Hewitt GM (1992) Fitness Consequences of Potential
Assortative Mating inside and Qutside a Hybrid Zone in Choi‘thippus-
Parallelus (Orthoptera, Acrididae) - Implications for Reinforcement and
Sexual Selection Theory. Biological Journal of the Linnean Society 45,
219-234. |

Robinson BW, Wilson DS (1994) Character Release and Displacement in Fishes - a
Negiected Literature. American Naturalist 144, 596-627.

Robinson BW, Wilson DS (1996) Genetic variation and phenotypic plasticity in a
tfophically polymorphic population of pumpkinseed sunfish (Lepomis
gibbosus). Evollutionary Ecology 10, 631-652. '

Rohlf FJ (2001) tpsDig — Thin Plate Spline Digitising software. Version 1.31. Stony
Brook University, New York.

Rohlf FJ (2003) tpsRegr - Thiﬁ Plate Spline Regression software. Version 1.28.
Stony Brook University, New York.

Rowland WJ (2004) Sexual arousal increases mate selectivity in the stickleback.
Behaviour 141, 1371-1387.

Rubidge EM, Taylor EB (2004) Hybrid zone structure and the potential role of
selection in hybridizing Jlaopulations of native westslope cutthroat trout
{Oncorhynchus clarki lewisi) and introduced rainbow trout (O- mykiss).
Molecular Ecology 13, 3735-3749.

Rundle HD, Schluter D (1998) Reinforcement of stickleback mate preferences:
Sympatry breeds contempt. Evolution 52, 200-208.

Rundle HD, Whitlock MC (2001). A genetic interpretation of ecologically dependent
isolation. Evolution 55, 198-201. .

Saimoto RS (1989) Reproductive and Natal Homing of Marine Threespine
Sticklebacks (Gasterosteus aculeatus). MSc thesis, University of
British Columbia.

Sands T (2005) PhD thesis in prep. University of Edinburgh.

Sargent RC, Bell MA, Krueger WH and Baumgartner JV (1984) A lateral plate cline,
sexual dimorphism, and phenotypic variation in the black-spotted
stickleback, Gasterosteus wheatlandi. Canadian Journal of Zoology
62, 368-376.

Schliewen U, Rassmann K, Markmann M, et al. (2001).Genetic and ecological

divergence of a monophyletic cichlid species pair under fully sympatric

215



References

conditions in Lake Ejagham, Cameroon. Molecular Ecology 10, 1471-
1488.

Schiuter D (1993) Adaptive Radiation in Sticklebacks - Size, Shape, and Habitat
Use Efficiency. Ecology 74, 699-709. '

Schluter D (1996) Adaptive radiation along genetic lines of least resistance.
Evolution 50, 1766-1774.

Schiuter, D. (1996) Ecological speciation in postgiacial fishes. Philosophical

Scott RJ (2004) Assortative mating between adjacent populations of threespine
stickleback (Gasterosteus aculeatus). Ecology of Freshwater Fish 13,
1-7.

| Seehausen O (2004) Hybridization and adaptive radiation. Trends in Ecology and
Evolution 19, 198-207.

Shapiro MD, Marks ME, Peichel CL, Schluter D, Kingsley DM (2003) Genetic basis
of pelvic reduction in sticklebacks. Integrative and Comparative Biology
43, 917-917/

Shu X, Cheng K, Patel N, Chen F, Joseph E, Tsai HJ, Chen JN (2003) Na,K-
ATPase is essential for embryonic heart development in the zebrafish.
Development 130, 6165-6173,

Simpson GG (1951) The species concept. Evolution. 5: 285-298,

Skulason S, Smith TB (1995) Resource Polymorphisms in Vertebrates. Trends in
Ecology & Evolution 10, 366-370.

Sokal RR, Rohlf FJ (1995) Biometry, 3rd edn. W. H. Freeman and Company, New
York.

Spielman RS, Ewens WJ (1993) Transmission Disequilibrium Test (Tdt) for Linkage

. and Linkage Disequilibrium between Disease aﬁd Marker. American
Journal of Human Genetics 53, 863-863.

S-PLUS (2001.) Professional Edition Version 6.0.2. Insightful Corp. Copyright
Lucent Technologies, Inc.

Szymura JM, Barton NH (1986) Genetic-Analysis of a Hybrid Zone between the
Fire-Bellied Toads, Bombina bombina and Bombina variegata, near
Cracow in Southern Poland. Evolution 40, 1141-1159,

Szymura JM, Barton NH (1991) The Genetic-Structure of the Hybrid Zone between

the Fire- Bellied Toads Bombina bombina and Bombina variegata -

216



References

Comparisons between Transects and between Loci. Evolution 45, 237-
261.

Takimoto G, Higashi M, Yamamura N (2000} A deterministic genetic model for
sympatric speciation by sexual selection. Evolution 54, 1870-1881.

Taylor EB (1998) Microsatellites isolated from the threespine stickleback
Gasterosteus aculeatus. Molecular Ecology 7, 930-931.

Taylor EB (1999) Species pairs of north temperate freshwater fishes: Evolution,
taxonomy and conservation. Fleviewé in Fish Biology and Fishes 9,
299-324. o

Taylor EB, McPhail JD (1986) Prolonged and Burst Swimming in Anadromous and
Fresh-Water Threespine Stickleback, Gasterosteus-Aculeatus.
Canadian Journal of Zoclogy-Revue Canadienne De Zoologie 64, 416-
420.

Taylor EB, McPhail JD (1999) Evolutionary history of an adaptive radiation in
species pairs of threespine sticklebacks (Gasterosteus): insights from
mitochondrial DNA. Biological Journal of the Linnean Society 66, 271-
291.

Taylor EB, McPhail JD (2000) Historical contingency and ecological determinism
interact to prime speciation in sticklebacks, Gasterosteus. Proceedings
of the Royal Society of London Series B-Bio!ogicél Sciences 267,
2375-2384.

Taylor MI, Turner GF, Robinson RL, Stauffer JR (1998) Sexual selection, parasites
and bower height skew in a bower- building cichlid fish. Animal
Behaviour 56, 379-384.

Theriault V, Dodson JJ (2003) Body size and the adoption of a migratory tactic in
brook charr. Journal of Fish Biology 63, 1144-1159.

Ting CT, Tsaur SC, Wu ML, Wu CI (1998) A rapidly evolving homeobox at the site of
a hybrid sterility gene. Science 282, 1501-1504.

Vamosi SM, Schluter D (1999) Sexual selection against hybrids between sympatric
stickleback species: Evidence from a field experiment. Evolution 53,
874-879.

Verhoeven KJF, Vanhala TK, Biere A, Nevo E, Van Damme JMM (2004) The
genetic basis of adaptive population differentiation: A quantitative trait

217



References

locus analysis of fitness traits in two wild barley populations from
contrasting habitats. Evolution 58, 270-283.

Via § (2002) The ecological genetics of speciation. American Naturalist 159, S$1-57.

Vines TH, Kohler SC, Thiel A, et al. (2003) The maintenance of reproductive
isolation in a mosaic hybrid zone between the fire-bellied toads
Bombina bombina and B- variegata. Evolution 57, 1876-1888.

Vinni M, Lappalainen J, Horppila J (2005) Temporal and size-related changes in the
frequency of empty stomachs in smelt. Journal Of Fish Biology 66, 578-
582.

" Virdee SR, Hewitt GM (1992) Postzygotic Isolation and Haldane Rule in a
Grasshopper. Heredity 69, 527-538.

von Bertalanffy L {(1938) A gquantitative theory of organic growth (Inquiries on growth
laws. 1l). Human Biology 10, 181-213.

Walker JA, Bell MA (2000) Net evolutionary trajectories of body shape evolution
within a microgeographic radiation of threespine sticklebacks
(Gasterosteus aculeatus).‘ Journal of Zoology 252, 293-302.

Walsh PS, Metzger DA, Higuchi R (1991) Chelex-100 as a Medium for Simple
Extraction of DNA for Pcr- Based Typing from Forensic Material.
Biotechniques 10, 506-513.

Ward AJW, Botham MS, Hoare DJ, et al. (2002) Association patterns and shoal
fidelity in the three-spined stickieback. Proceedings of the Royal
Society of London Series B-Biological Sciences 269, 2451-2455.

Wilson AB, Noack-Kunnmann K, Meyer A (2000) Incipient speciation in sympatric
Nicaraguan crater lake cichlid fishes: sexual selection versus ecological
diversification. Proceedings of the Royal Society of London Series B-

‘ Biological Sciences 267, 2133-2141.

Withler RE, McPhail JD (1985) Genetic-Variability in Fresh-Water and Anadromous
Sticklebacks (Gasterosteus-Aculeatus) of Southern British-Columbia.
Canadian Journal of Zoology-Revue Canadienne De Zoologie 63, 528-
533. '

Wood CC, Foote CJ (1996) Evidence for sympatric genetic divergence of
anadromous and non-anadromeous morphs of sockeye salmon,

Oncorhynchus nerka. Evolution 50: 1265-.

218



References

Wootton RJ (1974) Interspawning Interval of Female 3-Spined Stickleback,
Gasterosteus-Aculeatus. Journal of Zoology 172, 331-342.

Wootton RJ (1994) Energy allocation in the threespine stickleback. In: The
Evolutionary Biology of the Threespine Stickleback (eds. Bell MA,
Foster SA), pp. 114-143. Oxford University Press, Oxford.

Wootton RJ, Fletcher DA, Smith C, Whoriskey FG (1995) A review of reproductive
rates in sticklebacks in relation to parental expenditure and operational
sex ratios. Behaviour 132, 915-933.

Wu CI (2001) The genic view of the process of speciation. Journal of Evolutionary
Biology 14, 851-865.

Wu Cli, Johnson NA, Palopoli MF (1996) Haldane's rule and its legacy: Why are
there so many sterile males? Trends in Ecology & Evolution 11, 281-
284.

Young WP, Ostberg CO, Keim P, Thorgaard GH (2001) Genetic characterization of
hybridization and introgression between anadromous rainbow trout
(Oncorhynchus mykiss irideus) and coastal cutthroat trout (O-clarki
clarki). Molecular Ecology 10, 921-930. _

Ziuganov VV (1995} Heprdductive isolation among lateral plate phenotypes (low,
partiat, complete) of the threespine stickleback, Gasterosteus
aculeatus, from the White Sea basin and the Kamchatka Peninsula,’
Russia. Behaviour 132, 1173-1181.

Ziuganov VV, Golovatjuk GJ, Savvaitova KA, Bugaev VF (1987) Genetically |solated
Sympatric Forms of Threespine Stickleback, Gasterosteus-Aculeatus,
in Lake Azabachije (Kamchatka- Peninsula, Ussr). Environmental
Biology of Fishes 18, 241-247.

Ziuganov VV, Zotin AA (1995) Pelvic girdle polymorphism and reproductive barriers
in the ninespine stickleback Pungitius pungitius (L) from northwest
Russia. Behaviour 132, 1095-1105.

Zouros E, Freeman KR, Ball AQ, Pogson GH (1992) Direct Evidence for Extensive
Paternal Mitochondrial-DNA Inheritance in the Marine Mussel Mytilus.
Nature 359, 412-414.

219



Appendix Summary Genetic Data

APPENDIX

SUMMARY GENETIC DATA

Table 1. Sample sizes of individuals genotyped from each site, each month. Age Class A =
Adult, Age Class J = Juvenile.

Year [2001) 2002 ' 2003 ' Grand
Month | Jul | Jul |Jul Sep[Apr May Jun Jul Aug|Total| Jul Aug Sep Oct Nov Dec|Total| Site
cAIa?ses AlA[J 4 A A Jd ' J |[Total
119 -|- -{- 3a¢2w1|mn|- - - - - -.|o]|o0
2| - - |- 45|14 38 50 1 - |103 |39 50 27 5 3 6 |130)| 278
3 - |- 45|23 42 50 5 - |120{32 50 50 30 13 15190 355
_g 4|75 {18140 50|50 45 35 7 - |137|22 50 50 30 30 23| 205 | 525
“s5|-|-]-4/- - - - -|e|- - 50 - - -|50]|95
6t - - |- 4 - - - - - 0 - - 8O0 - - - | 50| 95
7| 51 | 216 45|30 36 50 39 - |155 |11 50 44 30 30 30| 195 | 473
8| - o - - - - - 0 - 50 - - - - 50 50
Total | 145 | 39 (46 275|117 195 205 68 1 | 586 [104 250 271 95 76 74 | 870 | 1961
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Summary Genetic Data

Table 2. The number of alleles sampled at each locus from each site each month. Totals

represent the number of distinct alleles sampled.

ATP1a2
Year 2001 2002 2003 Qverall
Month Jul [Jul[Jul Sep [ Apr May Jun Jul Aug Total {Jul Aug Sep Oct Nov Dec | Total Total
Ageclass| A Al J J A A J J
' 1 2 |- |- 2 2 1 nay{ 2 |- - - - - 2
2 - |- 2 2 2 2 nla - 2 2 2 2 2 2 2
3 - - - 2 2 2 2 2 - 2 2 2 2 2 2 2 2
.E 4] 2 2|2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
@ 5 - |- 2 | - - - - -2 |- 2
B - - 2 - - - - - - 2 - - 2
71 2 211 2 2 2 2 2 - 2 1 2 2 2 2 2 2 2
8] - - - - - - - - - - - - - 1
Grand Total 2
MycHC
Year 2001 2002 2003 Overall
Month Jul [Jul [Jul Sep | Apr May Jun Jul Aug | Total [Jul Aug Sep Oct Nov Dec | Total Total
Age class A [ J J A A J J
1] 2 - |- - - 2 2 2 nha 2 - - - - - - 2
2 - - - 2 2 2 2 nla - 2 2 2 2 2 2 2 2 2
3| - -] - 2 2 2 2 - 2 2 2 2 2 2 2 2 2
,F__-! 4: 2 2l 2 2z 2 2 2 2 - 2 2 2 2 2 2 2 2 2
“ s - B B e - e 2
6 - - 2 - . - - - - 2 - - - 2
7\ 2 |22 2|2 2 2 2 - 2 |2 2 2 2 2| 2 2
8| - - |- - - - - - 2 - - - - - 2
Grand Total 2
bAR2
Year 2001 2002 2003 Overall
Month Jul | Jul{Jul Sep | Apr May Jun Jul Aug | Total [Jul Aug Sep Oct Nov Dec | Total Total
Age class| A Al d J A A td J
1 1 - - - - 1 1 1 nfa 1 - - - - - - - 1
2 - -l - 2 2 2 2 nfa 2 2 2 2 2 2 2 2 2
3| - - 2 2 2 2 2 - 2 2 2 2 2 2 2 2 2
_.g 41 2 2] 2 2 2 2 2 - 2 2 2 2 2 2 2 2 2
wos| - |-]- 2]- - - - -l -2 - - 2
6 - - - 2 . - - - - - 2 - - - - 2
7l 2 (2|2 2|2 2 2 2 .| 2|2 2 2 2 2| 2 2
8| - | -]- -1- R .- - 2
Grand Total 2
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Cytb
Year 2001 2002 2003 Overall
Month Jul |Jul|Jul Sep | Apr May Jun Jul Aug | Total [Jul Aug Sep Oct Nov Dec | Total Total
Age class| A Al d J A A J J
il |-]- - 2 2 1 pal 2 |- - - - <+ |- 2
2 - - - 2 2 2 2 na - 2 2 2 2 2 1 2 2 2
3 - - - 2 2 2 2 2 - 2 2 2 2 2 2 2 2 2
.g 4 2 212 2 2 2 2 2 - 2 2 2 2 2 2 2 2 2
w o5 - |- 2| - - - - S - - - 2
6| - - - 2 - - - - - - - 2 - - - 2
71 2 212 2 2 i 2 2 - 2 2 2 2 2 2 2 2 2
8 -l -] - - .- - -1 - - - - 1
Grand Total 3
STN130
Year 2001 2002 2003 Overall
Month Jul | Jut |Jul Sep | Apr May Jun Jul Aug | Total |Jul Aug Sep Oct Nov Dec | Total Totai
Ageclass| A Al dJ J A A J J
1 10 - |- 9 10 8 waj{ w0 |- - - - - | - 14
2 10 7 9 14 nia - 14 |11 0 11 2 3 2 11 17
3 1| 7 8 11 5 - 11 7 13 13 -9 8 7 13 17
_5:’ 4( 13 | 7 (10 10| 8 8 8 4 8 9 11 8 9 6 1 17
@ s - |-|- s5|- - - - - - -4 - - - 6
6 - - - 5 - - - - - - - - .4 - - 7
7] 8 111 4 4 2 5 4 - 5 1 3 5 2 6 6 12
8| - - - - - - - - - - - - - - 5
Grand Total 20
_ STN152
Year 2001 2002 2003 Overall
Month Jul [Jul[Jul Sep | Apr May Jun Jul Aug | Total [Jul Aug Sep Oct Nov Dec | Total Total
Age class| A Al J J A A J J
1 17 - - - - 19 21 19 na| 21 - - - - - - - a8
2 - - 34 [ 14 32 33 nia - 33 |29 H 19 7 5 5 a1 56
3 - - 22 |20 28 34 8 34 |24 3N 27 18 18 13| A 59
:.u:’ 4| 40 |18(22 290 (25 28 25 1 | 29 (21 28 28 20 20 24| 28 58
@ 5 . R ¥ 2 S ' A B 23
6 - - - 19 - - - - - - 19 - - - - 22
7( 16 |14 7 16|15 18 17 15 - 18 {10 15 18 15 13 14 18 35
8| - -] - - - - - - - - 13 - - - - 13
" |Grand Total 62
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STN208
Year 2001 2002 2003 Overall ‘
Month Jul |Jul |Jul Sep | Apr May Jun Jul Aug | Total |Jul Aug Sep QOct Nov Dec | Total Total
Age class| A A | J J A A J J
1| 14 - - - - 13 13 12 n/a 13 - - - - - - - 21
2] - - |- 18|13 22 26 nfla - 26 (17 256 22 8 4 8 25 33
3 - -4 - 1822 21 23 8 - 23 |21 28 21 20 17 14 28 32
D 4| 27 |16)20 22 |21 23 21 1 - 23 |14 20 18 12 20 16| 20 35
@ 5| - |- af- - - - | |- - 13 - - - 17
6 - - |- 13 - - - - - - - - 12 - - - - 14
7l 17 |11 7 16111 12 13 13 - 13 (10 12 14 11 12 13 14 20
8] - - |- - - - - - - - - 12 - - - - - 12
Grand Tetal 37
STN26
Yeat 2001 2002 2003 Overall
Month Jul {Jul|Jul Sep [Apr May Jum Jul Aug | Total [Jul Aug Sep Oct MNov Dec | Total Total
Age class| A Al J A A J J
1 7 - - 7 7 7 na 7 - - - - - - 7
2| - - 7 7 6 g nla - 9 8 7 8 5 4 3 8 11
3 - - 6 6 7 8 4 - 8 & 7 7 7 5 3 7 8
_.g 4 9 6|86 6 7 8 7 4 - 8 5 7 5 (<] 7 B 7 11
9w o5 - -3 - R T T 3
6| - - 3 - - - - - 3 - - - - 3
7| 4 3|3 3 3 2 2 3 3 1 3 3 3 2 3 3 4
B - - - - - - - - - - - - 3
Grand Total 11
STN9
Year 2001 2002 2003 Overall
Month Jul | Jul|Jul Sep | Apr May Jun Jul Aug | Total [Jul Aug Sep Oct Nov Dec | Total Total
Age class| A Al J J A A J J
1 8 - - - 10 11 11 nfa 1 - - - - - - - 13
2| - - 12| 8 11 12 nfa 12 |14 15 10 6 5 4 15 16
3 - -1 - 1112 13 13 13 (10 11 12 N 9 8 12 15
_.S.._’ 4 14 g |12 14 |10 14 9 14 |10 9 9 9 10 9 10 18
9 5 . S 2 - - |- 8
6| - - 8 - - - - - - - 8 - - - 8
71 7 514 .7 5 8 8 6 8 5 7 8 6 8 8 8 1
8| - - - - - - - - - 10 - - - - - 10
Grand Total 18
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STN94
Year | 2001 2002 2003 Overall
Month Jul |Jul|Jul Sep | Apr May Jun Jul Aug [ Total [Jul Aug Sep Oct Noy Dec | Total Total
Age class A | J J A A J J
1] 8 - |- - - 7 8. 7 nla B - - - - - - - 12
2 - -0 - 8 9 10 10 na - 10 |10 12 5 2 3 12 18
3 - - |- 9 7 7 14 4 - 14 |10 9 12 9 7 6 12 19
2 4|14 (8|9 9 |10 12 N - 12 6 8 11 5 8 8 1 21
F) 5 - - 4 - - - - - - - -
6| - - 4 - - - - - - ] - 4
7] 5 42 4 4 5 5 5 5 3 3 4 4 5 6
8| - - - - - - - - - 3
Grand Total 23
STN96
Year 2001 2002 2003 Overall
Month Jul |Jul [Jul Sep [ Apr May Jun Jul Aug | Total |[Jul Aug Sep Oct Nov Dec | Total Total
Ageclass| A A J J A A J J
1] 11 - - - - 10 8 - 13 na| 13 - - - - - - 15
2 -1 - 13| 9 11 13 nfa - 13 |13 11 12 3 3 3 13 17
3| - - 12 111 12 18 - 16 (11 11 12 11 10 8 12 18
..g 4| 15 (10|11 12| 9 11 N - 11 6 10 10 10 11 10 11 21
“w 5 - |. g | - - - -l -5 - - - -
6] - - 53 - - - - - 6 - - - -
7 7 5|4 & 7 & 8 5 - 7 5 5 5 5 8 7
8| - - - - - - - - 3 . - - - -
Grand Total 22
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Table 3. Allelic richness of each sample from each site at each locus. Allelic Richness (FSTAT
vers 2.9.3.1, Goudet 2002} is a measure of the number of alieles in a sample after adjusting for

sample size and therefore allows comparisons across samples.

ATP1a2
Year 2001 2002 ) __ 2003 _ Pooled
Month J!.ll Jul | Jul  Sep Apr May lJun Jul Aug | Max | Jul Aug Sep Oct Nov Dec | Max | Richness
Age class] A A J J A J J
1198 - - 125 115 100 na|126 - - - - - - |- | =200
2| - - 190 1.93 180 161 nfa - [1.93(1.86 188 198 t.00 200 175|200 2.00
3] - - 185 1.86 173 183 200 - [(200(1.91 196 1.95 1.97 198 197 (1.98 2,00
_,F:’ 4(197|197|1.95 1.80 1.74 195 194 199 - [1.99(1.90 178 178 1.84 191 1.98(1.98 2,00
? 5 - | - | - 125 - T EEE (S s B 2.00
6| - - - 118 - - - - - - - 1386 - - - - 2.00
7(1.31 127 (1.00 1.35 1.59 108 122 108 - |1.59(1.00 1.27 130 142 128 128|142 2.00
8| - - - - - - - - 100 - - - - - 1.00
‘ _ MyoHC
i Y_ear 2901 _ 2002 _ 2003 _ Pooled
Month | Jul | Jul | Jul Sep | Richness May Jun _ Jul Aug | Max | Jul Aug Sep Oct Nov Dec | Max | Richness
Age class| A A i J ' J . . A J J
1(1.73| - - 1.67 185 194 nfa 1.94; - . - - - - - 2.00
2( - - - 189 1.90 192 183 nfa - |192(191 169 1 .53 1.97 2.00 200|200 2.00
3| - - - 196 1.88 188 187 160 - |1.88(193 190 192 193 188 177|193 2,00
:.":’ 4(1.86|1.88(1.93 1.97 1.97 189 188 197 - |1.97(196 196 182 196 195 1.94;196 2,00
® 5| - - 196 - - - - - 198 - - - | - | 200
6| - - 197 - - - - - - - 197 - - - - 2.00
71197198200 197 1.87 198 194 197 - (198|196 196 1.97 1983 1.97 194|197 2.00
8] - - - - - - - 186 - - - - - 2.00
bAR2
Year | 2001 2002 ‘ 2003 Pooled
_Month | Jul | Jul [ Jul Sep Richness May Jun_ Jul Aug| Max | Jul Aug Sep Oct Mov Dec | Max | Richness
Age class' A A J J . A - J J
1{1.00 - - - 100 100 100 nalt00| - - - - - .| .| 100
2| - 1.84 1.53 1.35 117 nfa - |1.53|1.32 123 146 1.87 200 1.75|2.00 2.00
3 - . - 154 1.35 120 140 187 - (187109 141 169 148 142 161[1.69 2,00
_é’ 41131131138 1.49 1.78 1.62 148 185 - |1.85.154 177 182 18 176 175|186 2.00
L = S e T T F: S S 2.00
6 - | - | - 185 - 7 S 2.00
71171(1.83]1.97 1.91 1.86 187 187 195 - |195|198 196 196 1.86 1.88 194|198 200
8 - - - - - - - - - - 181 - - - - - 2.00
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Cytb
Year | 2001 2002 2003 Pooled
Month | Jul | Jul | Jul Sep | Apr May Jun Jul Aug| Max | Jul Aug Sep Ocl Nov Dec | Max | Richness
Age class| A A J J A A J J
1(1.00]| - - - - 117 128 100 n/a|128| - - - - - 1.96
2 - - 1857164 173 140 nfa - [1.73(149 123 164 187 1.00 1.96|1.96 2.00
3 - - 186159 126 166 2.00 200 (173 166 1.90 1.76 1.83 161|190 2.00
,42 4176|170 | 179 1.97 197 185 1.69 1.69 1.97 1197 196 197 192 192 198|198 2.00
w5 -] - | - 185 - - - S N - S 2.00
6| - - - 1.82 - - - - - - 175 - - - - 2.00
7/1.88|1.85|200 179192 184 178 149 - 192|196 187 1.80 1.68 1.35 1.81}1.96 2.00
8| - - - - - - - - 100 - - - - 1.00
STN130
Year 2Q01 2002 2003 Pocled
Month | Jul | Jul | Jul Sep | Apr__ May JL.II'I Jul Aug | Max | Jul Aug Sep Oct Nov Dec | Max | Richness
Age class| A A J J A A J J
1373 - - - - 289 300 340 nfa (340 - - - - - 12.42
2 - - - 216|322 285 333 na 333286 278 281 187 3.00 1.75]|3.00 11.62
3 - 244 (235 272 283 340 - 1340|213 277 235 198 2.80 237|280 10.62
__,ﬂ:’ 4(294|3.08|291 238[203 261 256 255 - |261(193 1.8 230 214 207 2.11(230 10.01
» 5 . S F -3 1 T N IR R F: - |- 454
6 - 156 - - - - - - - - 144 - - - 4.83
7{1.70[100(1.00 138|139 1.23 135 137 - |1.39|1.00 130 ,1.26 1.58 1.19 1.68|1.68 4,55
8| - - - - - - R - 147 - - - - - 5.00
STN152 .
Year | 2001 2002 _ 2003 Pooled
Manth Jul Jul Jul Sep | Apr  May Jun  Jul Aug | Max | Jul lAug Sep  Oct  Now Dec | Max | Richness
Age class| A A J J A A J 4
11524 - - - 496 541 540 n/a|541( - - - - - 31.03
2 - 516|520 544 530 nfa - (544|531 536 512 483 500 421|536 3352
3 - - 483(520 525 533 533 - (533/525 522 488 488 553 497|553 32.00
__g 4|1522|518|492 529|454 532 525 551 - |551|513 503 4.96 458 487 513|513 31.65
” s - - 43| - - - -] - - 398 - - - | - | 1778
6 - 439 - - . . - - 433 - - - - 18.70
7437|464 (452 448|420 441 438 441 441|436 427 4865 450 414 452(4.65 18.67
8 - - - - - - - - - 354 - - - - 13.00
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STN208
Year | 2001 2002 2003 Pooled
Monlh Jul | Jul | Jul Sep | Apr May Jun Jul Aug| Max | Jul Aug Sep Oct qu Dec | Max | Richnegss
Age class| A A J J A ) A J J
1/456| - - - - 455 486 466 n/a 486 - - - - - - - 18.58
2| - - - 484474 525 511 nfa - |525|473 496 517 533 4.00 493|533 23.82
3l - - - 4771537 502 489 533 - |537)513 530 498 506 547 453|547 23.45
._g 41508512 |507 488|467 497 521 551 - [551]439 483 443 423 498 4.93]|4.98 21.83
“ s - |-t - 388} - - - - |- - a4 - . - 14.04
6 - 406 - . - - - - - - 405 - - . - 12.76
714154101452 452|388 4.02 400 445 - (445463 412 417 403 451 460|4.63 13.84
gl - . - - - . . . . - - 3.90 - - - - - 12.00
STN26
Year | 2001 2002 ' 2003 . Pooled
Month | Jul | Jul | Jul Sep | Apr May Jun_ Jul Aug| Mex | Jul Aug Sep Oct Nov Dec | Max | Richness
Age class| A A J J A A 7 J J
1347 - - - - 360 404 419 nfa|4.19)| - - - - - - - 7.00
2 - . - 314399 363 3.78 nfa - |3.99(356 3.68 372 3.93 400 2.71[4.00 8.02
3l - . - 253|353 355 353 307 - |3.55(|333 362 3.04 340 3.10 270|362 7.01
g 4{3431335|326 279|250 289 3.51 297 - [351|248 295 208 249 288 323|323 7.79
“ s| . - o200 - - - - -l -1 - - a5 - - |- 3.00
6| - - - 1b82| - - - . - - - - 180 - - - - 2,95
7[1.75(183 247 141145 123 122 183 - |1.83(1.00 1.39 153 1.70 1.48 164|170 3.06
8| - - - - - - - - - - - 124 - - - - - 3.00
STN9
Year 2001 2002 2003 - Pooled
Month | Jul | Jul Jul Sep | Apr May Jun Jul Aug| Max | Jul Aug Sep OCct Nov Dec | Max | Richness
Age class| A A J J A A J J
1(359] - - - - 416 468 462 n/a |4.68| - - - - - - - 12.02
2] - . - 4371385 384 445 na - | 445|413 440 405 426 500 3.68|(5.00 12.87
3 - - - 413(4.32 454 447 426 - |454[421 408 404 395 461 432|461 12,26
g 41442454437 423|373 450 417 385 - |450|4.24 384 359 387 4.04 362|424 11.89
@ 5| . - | - 324] - . . - |- . .32 - - - - 7.56
6 - . - 345 - - - - - - - - 352 - - - - 7.62
7|3.44;306|318 345(312 328 337 3.34 - |337|295 325 3.50 3.10 3.49 3.18|3.50 7.03
8| - - - - - - - - - - - 339 - - - - - 10.00
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STN94
Year_ | 2001 2002 2003 ' Pooled
Menth Jul | Jul Jul  Sep [ Apr  May Jun  Jul Aug| Max [ Jul Aug Sep Oct Nov Dec | Max | Richness
Age class| A A J J A A J J
1(383| - - - - 372 367 385 n/a|385| - - - - - - 10.56
2| - - - 320(409 348 362 na - |409]|359 369 317 4.00 200 2.71|4.00 10.77
3 - - 319|370 339 376 343 - |3.76|367 3.10 336 333 395 298|395 10.33
_,9:9 4(373|3.83|3768 3.29|331 358 355 305 - |3.58|261 319 276 250 3.03 3.16}3.19 11.0%
L R - 2180 - o - N N - 235 - - -] - 4.66
6| - - - 2147 - - - - - - - - 24 - - - - 3.50
7(246|268|199 242|233 229 220 257 - |257|225 252 227 215 242 226|252 448
B -] - - - - - - - - - 227 - - - - - 3.00
| STN96
Year { 2001 2002 : 2003 Pooled
Month | Jul | Jul | Jul Sep ! Apr May Jun Jul Aug| Max | Jul Aug Sep ~ Oct Nov Dec | Max | Richness
Age class| A A J - A A J J
1lae1| - | - - | - 426 400 503 na|503| - - - - . . [ - | 1305
2l - - - 417425 414 426 nfa - (426397 419 424 286 300 271|424 12.98
3| - - - 354|430 408 419 450 - [450(405 413 3.86 396 459 4.19|4.59 12.69
:g 4|3.90 | 426412 392|363 396 408 379 - |4.08|330 330 3.36 408 400 427|427 11.56
“w s - - 802! - - - - e - - 272 - o |- 7.22
6| - . - 30t - - “ o - - 304 - - . - 6.00
7334|284 (349 269(3.20 282 337 277 - |3.37(3.03 3.01 317 264 295 3.12(3.17 6.26
8| - - - - - - - - - - - 233 - - - - - - 3.00
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Table 4. Fi5 values at each locus in each sample each month,

ATP1a2
Year 2001 2002 2003
Month Jul Jul Jul Sep | Apr May  Jun Jul  Aug| Avg Jul Aug  Sep Oc¢t  Nov  Dec | Avg
Age class| A A J J A A J J
11 0.52 . - -0.03 000 n/a n/a|-0.02 - - - - - -
2 - - -013| 085 0.69 051 n/a - j068| 017 -006 0.13 nfa -0.33 0.00(-0.02
3| - - 017056 070 053 100 - | 070|000 001 -0.3t -0.08 -0.39% -0.35|-0.18
g 4| 052 [0.00 (042 -015]-023 -0.50 -0.57 -0.09 - [-0.35|-040 -0.04 -0.16 -0.14 -0.29% -0.29|-0.22
9N 5| - - 004 N O T
6 - - - -0.02 - - - - - - - 007 - - - -
71030 |-003| nla -006| 015 0.00 -0.03 0.00 003 | nla 038 -005 038 -0.04 -0.04|0.12
8| - - - - - - - - - n/a - - - -
MyocHC
Year 2001 2002 2003
Month Jul Jul Jul Sep [ Apr May Jun Jul Aug| Avg [ Jul  Aug Sep QOct Nov ﬁac Avg
Age class| A A J J A A J )
1] 015 - - - -  -018 0.24 0.08 n/a| 0.04 - - - - - -
, 2 - - - 0.11 {-0.01 001 -011 nfa - |-0.04| 013 009 051 060 -0.33 -1.00( 0.00
3 - - 0.05|027 08 002 000 - |009 (005 012 014 007 006 020|011
. _g 4| 012 [ 047 | 041 -008|-008 022 017 014 - | 011|035 -026 -0.06 -020 -0.18 0.44 | 0.00
L - 008 - - - - - . 009 - - -
6| - - 0.30 - - - - - - - 0.16 - - -
7| 054 (007 | 041 -021]|034 020 0.02 -002 - [0.16;-0.13 -0.19 005 -0.08 001 -0.13|-0.08 .
8| - - - - ) - - - - - 003 - - - - -
bAR2
Year 2001 2002 2003
Month Jul Jul Jul Sep Apr  May Jun Jul  Aug| Avg Jul Aug  Sep QOct Nov  Dec | Avg
Age class| A A J J A A J J
1| n/a - - na nfa na na| na - - - -
2] - - - 0.31 |-008 -006 -0.02 nfa -0.05 (-007 -0.03 036 1.00 -0.33 0.00] 015
3 - - - -0.12|-005 066 020 -0.14 0.7 | 0.00 -0.08 023 028 100 045|031
_.g 4| 074 (-003|-007 012 |-004 011 022 063 - |023|078 -002 002 0.16 -0.23 -0.22| 0.08
@ 5 . - 010 - - |- . - 002 - - -
6/ - - -0.24¢ - - - - - - 022 . - - -
7|-0.07|-003| 033 -008| 033 -023 -0.08 -007 - (-0.01]047 011 0.03 033 044 -013| 021
8] - - - - - - - - -0.07 - - - -
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STN130
Year 2001 2002 2003
Month Jul | Ju Jul Sep | Apr  May Jun Jul  Aug [ Avg Jul Aug Sep Oct Nov Dec | Awg
[Age class| A A J J A A J dJ
1| 0.09 - - -0.03 0.05 0.0t nfa| 001 - - - - - -
2 - - 016 | 027 -002 004 n/a - |010(-001 001 002 -0.14 050 0.00 | 0.06
3 - -0.0t] 017 -002 0.13 011 0.10 |-0.13 0.00 0.01 0.02 -0.02 -0.13|-0.04
D 4/-004|-018(-008 -0.01|-0.05 020 -0.07 -0.17 -0.02 (-013 008 0.06 -0.12 -0.10 -0.16|-0.07
7z 5 - .21 - - - - - - -0.01 - - - -
6 - - 0.18 - - - - - - - 0.08 - - - -
7011 | nfa | nfa -0.04|-0.03 -0.03 -0.03 -004 - |-0.03| n/a -002 -0.03 0.12 -0.02 0C.09 | 003
8 - - - -+- - - - -} -1°- 005 S N R
STN152
Year 2001 2002 2003
Month Jul Jul i Jul Sep | Apr May Jun Jul  Aug| Avg Jul  Aug Sep Oct Nov Dec Avg
Age class| A A J J A A J J
1( 0.39 - - 030 033 035 n/a| 033 - - - - -
2 - - 017|025 036 037 nfa - | 032 027 030 041 037 033 046 | 0.36
3 - - 020041 040 039 018 - |034| 047 024 €40 021 013 036|030
__g 4| 029 1032|025 025|032 035 0149 043 - |032|0143 0.14 011 013 031 016 | 016
@0 5 . - - 009 - - - - - - - 004 - . - -
6] - - - .09 - - - - - - - 0.13 - - - -
71011 | 004|026 -004|-0067 -0.03 010 -0.01 0.00 | -0.06 -0.04 0.1 -0.04 012 -0.07| 0.00
8| - - - - - - - - - - 019 - - - - -
STN208
Year | 2001 ‘2002 . 2003
Month Jul Jul Jul Sep Apl: May  Jun Jul  Aug| Avg Jul Aug  Sep Oct Nov  Dec [ Avg
Age class| A A J J A A J J
1]-0.09 - - -0.03 018 0.02 n/a| 0.06 - - - -
2] - - 0.05|-004 015 001 n/a - | 004014 -002 -0.03 -005 -0.20 -0.09|-0.04
3| - - 002 | 009 -0.03 006 018 - | 008|007 -0.01 009 -0.04 004 000 |0.02
'.g 4010 |-008|-0.04 004|008 004 000 -0.04 - | 002|006 003 008 030 0.06 001|009
“w 5 . - 014 - - - - - - 006 - -
6| - - 0.06 - - - - - - 0.08 - - -
7| 017|010 |-0.15 012 | 0.04 019 009 003 - |0.09 (008 0.14 000 -002 -0.03 0.10| 0.05
8| - - - - - - - - - -0.01 - - -
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STN26
Year | 2001 2002 ] 2003
_Month Jul Jui Jul  Sep | Apr  May Jun Jul  Aug | Avg Jul Aug  Sep Qct Nov Dec | Avg
Age class| A A J J A A J J
1001 | - - - - 045 -002 020 nal| 011 - - . . - -
2 - - 026 | 049 048 0.18 n/a - | 0.38 G.é4 020 019 029 067 0.20 | 030
3 . - 034.| 027 034 045 041 B 037 (041 027 031 028 024 049034
_,F:-‘ 4|1 040 | 023 /022 044 | 033 045 031 036 - | 036|047 082 045 026 006 015} 0.33
» 5 . - - 047 - . . - - - - - 008 - - - -
6 - - - -0.01 - - - - - - - - 0.15 - - - -
7| 016 (012 |0.08 024 ] 017 -003 -0.03 024 - (009 |-0.01 015 -0.01 0.06 014 26 (010
8| - - - - - - - - | - -0.02 - - - - -
v
STN9
Year 2001 2002 2003
Month Jul Jul Jul Sep Apr May  Jun Jul  Aug | Avg Jul Aug  Sep - QOct Nov  Dec | Avg
Ageclass| A A J J- A A J J
1/-0.09 - - - - -0.09 0.05 0.02 n/a|-0.01 - - - - - - -
2 - - - -003]|-007 001 002 n/a - }-002(-002 003 002 -021 -0.09 0.10 |[-0.03
3 - - - 013 | 005 005 002 006 - (004 |-004 011 002 000 -0.04 -0.16]-0.02
__F:-‘ 4|-0.06|-0.07|008 -001 0.04 011 019 009 - ' 011 | -007 001 002 -004 -0.01 016 | 0.00
»w 5] . - - 001 - - - - . . - - 002 - - - -
6| - - - b5 - - - - . - - - 0.06 - - - -
7|-002| 006 (056 000|008 011 -009 -009 - |0.00|-039 -004 004 022 -018 008 |-0.04
8| - - - - - - - - - - - -0.01 - - - - -
STN94
Year 2001 2002 . 2003
Month Jul Jul Jul _Sep | Apr May  Jun Jul  Aug | Avg Jul Aug  Sep Oct Nov  Dec | Avg
Age class| A A J J ) A A J J
1] 0.28 - - - - 011 024 -0.08 n/a| 0.08 - - - - - -1 -
2! - - - 011 | 633 0.18 028 nfa - (026|001 018 017 056 -033 0.20 | 013
3| - - - 018 (-0.05 0.14 022 052 - | 020007 010 016 015 047 -0.05]| 010
_g 4| 028 | 015 {039 023 | 022 025 044 040 - 1033 |05 021 018 011 002 024 | 0.22
“w o5 . 017 - - . - . - 018 - - - -
6] - (- |- o3| - - - - | -1 - o1 - - .-
7| 029 |-038 (006 0.04 |08 001 016 002 - [009 {037 029 -002 -001 -0.03 004|011
8 - - - . - - - - - - - -0.12 - - - - -
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STN96
Year 2001 2002 2003
Month Jul Jul Jul Sep Apr  May Jun Jul  Aug| Avg Jul Aug  Sep Oct Nov Dec | Avg
Age class| A A J J A A J
11018 - - - - 000 -045 -0.08 nfa|(-0.08| - - - - - -
2| - - 010 |-0.10 -0.06 009 nfa -0.02| 009 009 017 -0.14 -050 -0.29(-0.10
3| - - -0.10] 030 -003 012 -014 006 | 002 -0.03 -0.02 -002 -0.04 -0.10(-0.03
2 4|003|-011|009 008|019 002 0.00 -0.25 -0.01 | -013 -0.02 -007 -0.09 -0.02 0.19 |-0.02°
Z 5| - - 0.12 - - - - - - - 0.08 - l - -
6 - - 0.04 - - - - - - - - g.10 - - -
7|006(-0.02|017 -004( 005 023 -003 -009 - [(004(-016 008 010 023 0.27 -0.01|0.08
8 - - - - - - - - -0.08 - - - - -
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Table 5. Heterozygosity (gene diversity, FSTAT Goudet 2002) per locus and sample.

ATP1a2
Year 2001 2002 2003
Month Jul Jul Jul Sep | Apr May  Jun Jul  Aug | Avg Jul Aug Sep Oct  Nov Dec | Avg
Ageclass| A A J J A A J
1| 0.52 - - - - 009 005 000 n/a | 005 - - - - -
2 - - - 043 | 047 044 025 n/a - 038 040 040 051 000 050 025|034
3 - - - 027 (040 032 038 060 - |042 (044 049 048 051 050 045 ; 048
__g 4| 051 | 050 | 049 043|032 047 047 052 - | 045 | 042 035 035 038 044 050 | 04t
0 5| - - 009 - - - - - - 015 - - - -
6| - - 0.07 - - - - - - - - 0.13 - - - -
7| 011 (009|000 013024 003 008 003 - (009|000 010 011 016 0.1C¢ 0.10 | 0.09
8 - - - - - - - - - 0.00 - - - - -
- MyoHC
Year 2001 2002 2003
Month Jul Jul Jul Sep [ Apr - May Jun  Jul Aug | Avg | Jul  Aug Sep Oct Nov Dec | Avg
Age class| A A J J A ) A J
‘ 1| 0.31 - - 028 026 (047 n/a | 0.34 - - - -
2 - 043 | 042 045 038 n/a - | 042|044 029 038 050 050 050|043
3] - - - 049 | 042 041 041 020 - 036 | 0468 043 045 046 041 033 043
:,d:’ 4( 040 | 042 | 046 050 | 050 043 042 050 - | 046|049 049 045 049 048 047 | 048
». 5 . - - 049 - - - - - - - - 049 - - -
6| - - - 0.51 . E - - - - - 0.50 - - - -
7| 051|051 | 057 050|050 051 047 050 - ;050;048 049 050 046 050 047 049
8| - - - - - - - - 0.48 - - - - -
bAR2
Year 2001 2002 2003
Month Jul Jul Jub Sep Apr  May Jun Jul Aug | Avg Jul Aug  Sep Oct  MNov Dec | Avg
Age class| A A J J I A A J
1| 0.00 - - - - 0.00 0.00 0.00 n/a | 0.00 - - - - -
27 - - - 039|020 013 Q008 nfa - 013 { 014 008 017 040 050 025 0.26
3| - - - 021|013 007 - 015 0356 - 017 | 003 0.15 029 0.18 015 024 | 0.18
.g 41011 (011,014 019|035 020 018 038 - 0.28 1 0.21 034 037 040 032 032033
“ 5| . - 046 | - . - - - . 0.37 - -
6 - 0.39 - - - - - - 0.41 : -
7,030 (037|050 044040 041 041 048 - | 042|052 049 049 040 042 047 | 047
8| - - - - - - - - 0.36 L - - -
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STN130
Year 2001 2002 2003
Month Jul Jul Jul Sep | Apr  May Jun Jul  Aug | Avg Jul Aug Sep Oct Nov Dec | Avg
| Age class A A J J A A J
1(075 - - - 0587 058 070 n/a | 061 - - - - - -
2 - - 0371068 058 087 nfa 064 | 056 054 053 035 0.67 025048
3 . . - 0.44 | 042 054 055 068 - |0.55|0356 054 041t 031 053 041|043
._,ﬂ:-‘ 41058|0671{057 043|033 050 048 049 - |0.45)032 028 040 036 033 038|034
ZI |- 07 - - - -l - - e - - -] -
6 - - 0.19 - - - - - - - 0.15 - - -. -
71023|000(000 013|013 0.08 .012 012 - (041|000 010 0.09 019 007 022 (0N
8 - - - - - - - 0.16 - - - -
STN152
Year 2001 2002 2003
Month - Jul Jul Jul Sep | Apr  May Jun Jul Aug| Avg | Jul Aug Sep Oct Nov Dec Avg
Age class A A J J A A J
110886 - - .- 092 097 0.97 nfa |0.95 - - - - -
2 - - - 094|095 096" 095 n/a - 1096|095 096 094 095 100 092|095
3 - - 091|095 085 095 098 - |096|095 094 092 092 097 0.94 | 0.94
_..q:-‘ 41094|095|092 085|088 0985 085 100 - |094|094 053 092 08 091 093, 082
» 5| . - - 083 - . . N . - 081 - - - -
6| - | - 0.86 | - - - | -1 - - o8 - -
7/086|089(090 087|084 08 086 08 - |0.86|086 085 089 087 0.83 087|086
8| - - - - - - - - - 0786 - - - .
STN208
Year 2001 2002 2003
Maonth Jul Jul Jul Sep | Apr _May Jun Jul  Aug | Avg Jul Aug Sep Oct Nov Dec | Avg
Age class A A J J A A J
1087 - - 089 082 089 nfa (090 - - - - - -
2 - - - 081|089 085 083 nfa 092|090 092 084 0985 083 082 |09
3 - - 090|096 093 091 083 - |094)|094 095 092 0983 097 087 |0.93
_g 4(093(093(093 091 |08 082 094 096 - 093|086 091 087 08 092 092|089
w5 - | - o8t| - - - -] - - 08 - -] -
] - - 0.82 - - - - - - - 0.83 - - -
71084083087 (88!08 083 082 087 - |083(089 084 084 0.82 088 089086
8 - - - - |- - - - - - - 0.81 - - - -
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STN26
Year 2001 2002 . 2003
i Month Jul Jul Jul Sep | Apr . May Jun Jul  Aug | Avg Jul  Aug Sep Oct Noy Dec | Avg
Age class A A J J A A J
11077 - - - 078 083 086 n/a | 0.82 - - - - - -
2 - - - 068|084 078 080 nfa - |oe81|078 079 078 085 1.00 063|080
3 - - -, 054|078 078 076 068 - (075|074 077 066 074 071 086|071
__g 4075073073 063|051 065 075 067 - |064)|051 083 037 049 060 071055
©w 5| - - - 041 - - . - - - - 015 - - -
6 - - - 0.19 - - - - - - - - .22 - - -
7|0256|030|063 015|018 008 008 030 - [0.45|000 013 019 025 0.19 024|037
8 - - - - - - - - - - 0.08 - - - - -
STN9
Year 2001 2002 2003
Month Jul Jul Ju! Sep | Apr  May Jun Jul Aug | Avg [ Jul  Aug Sep Oct Nov Dec | Avg
Age class A A J J A A J
11077 - - 084 0890 089 nfa | 087 - - - - -
2 - 0.87 | 073 082 087 nfa - 081|083 08 083 083 0982 0583|085
3 - 084|086 088 088 085 - [0.87 084 083 081 080 089 086|084
,% 4| 087|089 |087 084|077 088 08 079 - 082|085 08¢ 077 081 083 077|080
w 5| . - 069 - - - - - - - 073 S
6| - - - 0.75 - - - - - - - - Q.76 - - -
7074 |066(075 076|069 072 073 073 - |072|066 071 076 068 076 069|071
8 - - - - - - - - - - 0.73 - - - - -
STN94
Year . 2001 2002 l i 2003
Month Jul Jul Jul Sep | Apr  May Jun Jul  Aug | Avg Jyl Aug Sep Oct Nov Dec | Avg
Age‘cla_ss A A J J A A J
11080 - - - - 080 €78 081 n/a (080 - - - - - - -
2 - - - 071|085 076 078 n/a 079|078 078 071 080 050 063!071
3 - - - 070 | 0.78 074 (.80 083 079 |0.78 069 073 070 0.83 064|073
.g 4078|081 |080 072|072 077 076 0.71 074 1 062 070 0.64 060 0.68 0.69 | 0.65
@0 s - - 053] - . . - . - 057 - - - -
6| - | - - 052 - - - - - - 053 - T - - -
7|059 062|053 058|057 056 055 060 - |057|058 052 056 053 058 055|056
8 - - - - - - 0.55 - - - - -
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STN96
Year 2001 2002 2003
Month Jul Jul Jul Sep [ Apr May Jun  Jul Aug | Avg i Jui Aug Sep Oct WNov Dec | Avg
| Age class A A J J A A J
11080 - - - 086 083 083 n/a|087| - - - - -
2| - - - 084|085 084 08 nla - |085|082 085 085 070 067 058|074
3| - - 073|087 083 084 088 - 085|083 084 080 082 0.89 085|084
2 4 /081|084 (084 081|077 082 0.83 080 - |080]073 072 073 083 0.82 0.86]0.78
n s - - 068 - . . - - - - 059 - - -
6 - - 085 - - - - - - - - 087 - - - -
7(073(061|080 058|070 065 074 061 - [0.67 063 068 071 080 068 070 0.67
.8] - - - - - - - - - - 051 - - -
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Table 6. Ln likelihood values of there being K=[1-8] genetic clusters within the entire data set of
1961 individuals (see aiso Figure 5, Chapter 3) and the proportion of individuals from each of
sites 1-8 in each of the 1-8 clusters. The most likely number of clusters in this data set is K=2
(see Chapter 3). A given cluster for one analysis of K does not necessarily correspond to the
same cluster in an alternative analysis of K. See Table 5 for allele frequency divergence

between each of the clusters.

Proportion of individuals in each of

038 ) 0.12 | 0.12 | 0.39

038 | 0.14 | 0.16 | 0.33

029 | 023 | 0.22 | 0.27

0.03 | 045 | 050 | 0.02

0.02 | 0.48 | 0.49 | 0.02

K Site Ln(PrD[K) K=[1-8] clusters
1 2 3 4 5 6 7 8
1 -59649.7
2 1 -54504.8 0.03 | 0.97
2 0.24 | 0.76
3 0.30 | 0.70
4 0.44 | 058
5 095 | 0.08
6 0.86 | 0.04
7 096 | 0.04
8 0.95 | 0.05
3 1 -54491.8 0.93 | 0.04 | 0.04
2 071 | 0.14 | 0.15
3 064 | 0.18 | 047
4 0.50 | 0.25 | 0.25
5 0.04 | 0.49 | 0.48
6 0.03 | 048 | 0.49
7 0.03 | 0.48 | 0.49
8 004 | 0308 | 057
4 1 -54334.1 035 | 002 | 0.02 | 0.62
2
3
4
5
6
7

0.02 | 0.48 | 0.48 | 0.02
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r 8 0.03 | 058 | 0.37 | 0.02

5 1 -54087.3 | 0.02 | 0.02 | 0.43 | 0.51 | 0.02

' 2 010 | 0.10 | 0.39 | 0.34 | 0.07
3 012 | 0.10 | 0.34 | 0.33 | 0.11
4 0.16 | 0.16 | 0.26 | 0.27 | 0.16
5 034 | 031 | 002 | 002 | 030
6 035 | 0.33 | 0.02 | 0.02 | 0.29
7 032 | 038 | 002 | 0.02 | 0.28
8 0.18 | 0.17 | 0.02 | 0.02 | 0.61

6 '1 -54062.5 001001 | 034 | 0.24 | 0.01 | 0.38
2 0.09 | 0.08 | 025 | 0.25 | 0.07 | 0.26
3 000 | 041 | 022 | 025 | 0.10 | 023
4 015 | 015 | 0,18 | 0.19 | 0.15 | 0.18
5 033|034 002 | 002|028 | 002
6 0.35 | 033 | 001 | 002 | 0.28 | 0.01
7 0.35 | 0.33 | 0.02 | 0.02 | 0.27 | 0.01
8 0.17 | 019 | 0.02 | 0.02 | 0.60 | 0.01

7 1 -54053.1 001 | 037|001 ]| 023|001 ]| 035 | 001
2 007 | 023 | 005 | 0.26 | 0.08 | 0.25 | 0.07
3 009 020 | 008 | 0.24 | 0.07 | 0.23 | 0.09
4 042 | 017 | 012 | 018 | 012 | 018 | 012
5 028 | 0.02 | 022 | 002 | 0.24 | 0.01 | D.22
6 026 | 001 | 021|002 025|001 023
7 : 023 | 0.01 ] 0.20 | 0.01 | 0.27 | 0.01 | 0.25
8 014 | 0.02 | 054 | 0.02 | 013 | 0.01 | 0.14

8 1 538007 | 0.01 | 0.27 | 0.01 | 0.3 | 0.01 | 015 | 0.01 | 019
2 0.07 | 018 | 005 | 0.17 | 0.06 | 0.18 | 0.07 | 0.2t
3 007 | 018 | 008 | 015 | 0.08 | 0.19 | 0.08 | 0.17
4 012 | 014 | 041 { 012 | 0.11 | 0.15 | 0.41 | 0.13
5 024 | 001§ 021 | 001 | 023§ 0.02 | 0.27 | 0.02
6 0.24 | 001 | 021 | 001 | 023 | 0.01 | 027 | 002
7 027 | 001 | 020 | 0.01 ] 025 | 0.01 | 0.23 | 0.01
8 013 | 001 | 053 | 002 | 015 | 001 | 0.14 | 0.01
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Table 7. Allele frequency divergence between each of the clusters from structure
simulations with vales of K=[1-8] for the entire data set of 1961 individuals (Chapter3).
** Allele frequency divergence is based on Kullback-Liebler D and provides a measure
of genetic distance betweén populations (Pritchard, Stephens and Donnelly 2001). A

large value of D indicates greater genetic distance than a small one. The most likely

value of K for this data set was 2 (Chapter 3).

Allele frequency divergence (D)** between
each of the clusters
K
1 2 3 4 5 6

1 1

1
2

2 1.4

1
3 2 0.8

3 08 | 01

1

2 0.7
a4

3 08 | 0.1

4 01 | 14 | 13

1

2 0.1
5 3 13 | 15

4 13 | 1.4 | 0.1

5 01 1 01 | 08 | 08

1

2 0.1

3 14 | 12
6

4 14 | 12 | 01

5 01 | 01 | 07 | 07

6 16 | 1.4 | 02 | 01 | 14
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1 .
2 12 | -
3 02 | 08 | -
7 4 13 | 61 | 14
5 02 | 08 | 02| 08| -
6 14 | 02| 15| 01| 16
7 o1 |07 o2 |07 |01 o8] -
1 .
2 16 | -
3 02 | 09 | -
P 14 | 02|13 -
8
5 02 | 08 |02 | 08| -
6 14 102 | 13 | o2 | 12| -
7 02 | 08| o208 (01|07 -
8 1502 |14 o2 | 13|01 | 1a]| -
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Table 8. Results from within-site genetic structure analysis (Chapter 3). Simulations were run

for values of K ranging from 1-3. The most likely value of K, as interpreted following the

guidelines of Pritchard et al 2001, is indicated here with an asterix. The proportion of individuals

assigned to each cluster in each simulation are shown, as well as the allele frequency

divergence between each of the clusters. ** Allele frequency divergence is based'ori Kullback-

Liebler D and provides a measure of genetic distance between populations (Pritchard, Stephens

and Donnelly 2000). A large value of D indicates greater genetic distance than a small one.

Proportion of individuals

in each of the K=[1-3]

Allele frequency divergence
(D)** between each of the

K | Ln(PrD|K) clusters clusters
' 1 5 3 Clusters | Clusters | Clusters
1-2 1-3 2-3

o 1 | -2991.06 0.00 -
= 2* | -2854.18 0.32 0.68 0.43 -

3 | -2849.36 0.30 0.31 0.39 0.64 0.45 0.14
© 1 | -9402.8 0.00 -
-3; 2*{ -9067.4 0.39 0.61 0.67 .

3 -9242.1 0.35 0.34 0.31 0.00 0.70 0.69
o 7 | -117301 0.00 - '
% 2% | -11348.2 0.56 0.45 e.71 -

3 | -11473.3 0.32 0.34 0.34 0.77 0.75 0.02
o 1 | -16471.7 0.00 -
-*‘,:; 2* | -15600.7 0.54 0.46 0.61 -

3 | -15663.0 0.39 0.31 0.30 0.88 0.83 0.03
© 1*| -2006.4 0.00 :
ﬁ 2 -2010.9 0.50 0.50 0.22 -

3 -2281.2 0.33 0.33 0.34 0.02 0.00 0.01
© ¥ | -2019.5 0.00 -
-c‘-;'; 2 -2051.2 0.50 0.50 0.15 -

3 -2276.2 0.34 0.33 0.33 0.01 0.04 0.01
o 1* | -10224.8 0.00 ‘ -
-‘6,'-' 2 | -10443.3 0.51 0.49 0.11 -

3 -10620.3 0.32 0.34 0.34 0.13 0.08 0.14
© 1*| -909.8 0.00 -
-}; 2 -914.1 0.49 0.51 0.15 -

3 -995.1 0.33 0.33 0.34 0.00 0.00 0.00
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